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ABSTRACT

Effects of ingredients on frozen state properties of wheat doughs were investigated using different

thermal analysis techniques. Also, the water sorption properties and glass transition temperatures for

different cereal materials were determined.

DSC thermograms were obtained for different dough samples annealed at a few degrees below the

onset temperature of ice melting of the material, then cooled to −100 °C, and scanned at a heating rate

of 5 °C/min from −100 to 10 °C. Dough samples were also analyzed with DMA and DEA at a heating

rate of 1 °C/min from −150 to 10 °C. Before analysis, the samples were annealed a few degrees below

the onset of ice melting for all doughs with different ingredients to obtain maximally freeze-

concentrated samples.

Added ingredients decreased the onset temperature of ice melting (Tm') and increased the relative

amount of unfrozen water (Wg') with increasing concentrations in all doughs, as measured by DSC.

Tan δ of DEA showed that the melting of ice occurred extremely sharply, in all doughs with the same

moisture content, at small frequencies. Peaks of the ice melting were moved closer to 0 °C with

increasing frequency, as measured by DEA and DMA. The tan δ of DMA and DEA showed also

α-, β- and γ-relaxations. At higher frequencies the glass transition (α-relaxation) coincided with ice

melting measured by DEA. The glass transition temperature (Tg') of maximally freeze-concentrated

doughs, could be observed only at small frequencies in doughs measured by DEA. Added sucrose

increased the Tg', and decreased the onset temperature of ice melting, Tm'. Added salt decreased the Tg'

and Tm', as measured by DEA. Added sucrose and NaCl increased the Tg' measured by DMA. Using

DEA, doughs with sucrose and NaCl showed intermediate Tg'. Added WEA (1%) increased the Tg' of

dough, derived from α-relaxation, with different ingredients, when DMA or DEA was used. Addition

of WEA may decrease the effect of lower molecular weight solutes shifting the transition to a higher

temperature. On the other hand, the Tg' decreased with increasing concentration (>1%) of WEA.

Added WEA (>1%) increased the relative amount of unfrozen water in the concentrated matrix, and

thereby the Tg' of the material decreased with increasing concentration (>1%) of WEA. Steady state

water contents and glass transition temperatures of materials used in the present study were typical for

cereal materials.
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1 INTRODUCTION 

 

The use of frozen doughs has increased in bakeries, supermarkets and restaurants, as it allows 

easier and more profitable baking. In more detail, fresh products from frozen doughs are 

available around the clock, labour costs are reduced, production costs are lower, and 

transportation is facilitated. Therefore, no wonder that as early as 1971 the sales of frozen 

bakery foods reached $514 million in the United States. Two decades later, in 1991, the sales 

of frozen bread doughs were $4.5 billion and reached $6.5 billion in 1995 (Penstone, 1997). 

In comparison, frozen dough product market in France expanded by a whopping 224% from 

1988 to 1992, and in 1994 it reached $120 million (Schatzberg, 1995).  

 

Quality is often poorer in baked goods prepared from frozen doughs than in fresh baking, as 

well as loaf volumes, are usually reduced. Moreover, the physical state changes of frozen 

doughs during frozen storage may contribute to the quality of baked bread. Therefore, it is 

important to understand phase and state transitions, including glass transition, occurring in 

doughs at sub-zero temperatures. It has been suggested that the glass transition of frozen 

dough and its components (starch, gluten, and gliadin and glutenin fractions) may affect 

frozen state stability, as the glass transition may control rates of recrystallization of ice and 

diffusion-controlled reactions (e.g. Hoseney et al., 1986; Yost and Hoseney, 1986;        

Levine and Slade, 1990a; Cocero and Kokini, 1991; De Graaf et al., 1993). The glass 

transition exhibits properties of a second-order phase transition, but it occurs over a 

temperature range. The temperature range over which glass transition occurs depends on a 

number of factors, such as chain flexibility, molecular weight, and plasticizers                   

(e.g. Sperling, 1992; Roos, 1995). The glass transition of freeze-concentrated systems is 

additionally affected by the amount of plasticizing unfrozen water (Levine and Slade, 1986). 

 

The glass transition can be determined using differential scanning calorimetry (DSC), which 

is the most often used technique in observing phase and state transitions in food systems. 

Moreover, the glass transition can be observed from changes in e.g. dynamic-mechanical and 

dielectric properties. Dynamic-mechanical (thermal) anylysis (DMA/DMTA) and dielectric 

(thermal) analysis (DEA/DETA) are considered to be more sensitive techniques for observing 

the glass transition than DSC. However, these techniques have not been used extensively in 

the determination of phase and state transitions of frozen doughs. There is only one 
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publication (Räsänen et al., 1998) concerning the physical state of frozen dough. However, 

that study was made without added ingredients. Investigation of effects of ingredients for 

frozen doughs gives a valuable information about physical state of frozen doughs. When the 

onset temperatures of phase and state transitions for dough components and frozen doughs 

with different ingredients are measured, the processing and environmental conditions during 

freezing, frozen storage, and thawing can be controlled.  

 

 

2 OBJECTIVES OF THE PRESENT STUDY  

 

The literature review of the present study discusses the role of ingredients normally used in 

preparation of fresh and frozen doughs. Moreover, water sorption behavior, as well as 

freezing and frozen state transitions and low temperature relaxations in food systems are 

discussed. 

 

The objectives of the present study were to: 

(I) investigate the effects of ingredients on frozen state properties of wheat doughs using 

differential scanning calorimetry (DSC), dynamic-mechanical (thermal) analysis 

(DMA/DMTA), and dielectric analysis (DEA) 

(II) determine water sorption properties and glass transition temperatures for different 

cereal materials. 
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3 LITERATURE REVIEW 

 

3.1 INGREDIENTS OF DOUGH SYSTEMS 

 

Typical formulation for frozen doughs differs somewhat from that of non-frozen doughs. 

However, the basic dough characteristics are essentially the same. The effects of essential 

dough ingredients on dough/bread processing are discussed in the following sections. 

 

3.1.1 Flour 

 

Flour is the basic ingredient in the production of bakery goods. There are various types and 

qualities of flour with different protein quantities and qualities. Because of a process of 

freezing, storing, and thawing, flour for frozen doughs should have a great strength and a 

high protein content (Wolt and D’Appolonia, 1984a,b). In many cases, flours from hard 

wheat varieties, with a protein content of 11-14%, are recommended for the use in frozen 

dough products (Marston, 1978; Sideleau, 1987; Stauffer, 1993). The flour with the higher 

protein content (13.2% on flour basis) caused higher values in volume, especially with 

increasing storage time. Flour with lower protein content, as used in frozen doughs, could be 

strengthened using vital gluten (Wang and Ponte, 1994). Inoue and Bushuk (1991, 1992) 

showed that quality of bread from frozen dough was better when very strong flours, instead 

of weaker flours, were used. Moreover, high quality protein (strength) flour seemed to be 

more important for frozen doughs than the total protein content of flour                    

(Wolt and D’Appolonia, 1984b; Inoue and Bushuk, 1991,1992). Thus, both a sufficient 

quantity and quality of protein is needed in flour to produce good quality baked goods from 

frozen doughs.  

 

3.1.2 Water absorption 

 

Water is another essential ingredient in breadmaking. During the mixing process, added water 

becomes distributed between the flour components, such as gluten, starch and pentosans. The 

rest of added water remains as “free” water and forms the so-called water phase. Soluble 

compounds such as salts, sugars, soluble proteins, etc. are dissolved, and yeast cells are 

dispersed in this water phase (Brown, 1985a; Stear, 1990). Since free water is damaging in a 
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dough system and yeast is sensitive to water during freezing and thawing cycles, lower levels 

of water absorption are desirable for frozen doughs (Javes, 1971; Sideleau; 1987;                

El-Hady et al., 1996). According to Inoue and Bushuk (1996) water absorption should 

decrease 3-5% for frozen doughs compared to fresh baking. 

 

The amount of water absorbed into the dough is mainly controlled by the quality of flour. 

Therefore, the type and quality of the flour are key factors in water absorption. A high quality 

flour ensures maximum water absorption and retention of the moisture during dough 

processing for baked products (Sultan, 1990). According to Lai et al. (1989a,b) the best loaf 

volumes were obtained with the highest water level possible that did not produce an 

excessively sticky dough. Moreover, loaf volumes not only depend on the amount of water 

added to dough, but also on the mixing time applied. Furthermore, baking adsorption and 

mixing time are interdependent. Therefore, for the best loaf volume both baking adsorption 

and mixing time should be optimized (Box et al., 1978). 

 

3.1.3 Yeast 

 

There are three types of yeast available for baking; (1) compressed yeast (also called “fresh 

yeast”), (2) active dry yeast (ADY), and (3) instant dry yeast (IDY). Compressed yeast is the 

traditional formulation of baker’s yeast. A species of Saccharomyces are normally used for 

baking. The leavening activity of ADY is substantially less than that of compressed yeast. 

IDY is the latest type of baker’s yeast. Its leavening activity under optimal conditions is very 

close to that of compressed yeast (Wolt and D’Appolonia, 1984b; Brown, 1985b;               

van Dam, 1986; Stear, 1990; Sultan, 1990). 

 

Yeast has three fundamental functions in the dough systems. It produces carbon dioxide by 

fermentation, which expands the dough to the required volume. It also develops the dough 

through the action of fermentation on the gluten structure. Moreover, it provides flavor 

through the production of complex chemical compounds as by-products of the fermentation 

process (Brown, 1985b; Stear, 1990; Sultan, 1990). A yeast level used in baking process is 

around 3% (on flour basis). A level of yeast in the dough directly affects the rate of gas 

production. Furthermore, in general, the yeast level used in dough processing depends on the 

bulk fermentation time and dough temperature. The longer the bulk fermentation time the 
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lower the yeast level should be. As dough temperature increases, so does the rate of gas 

production until the optimum temperature at about 40 °C is reached. Above that temperature 

a progressive thermal killing of the yeast can be observed (Brown, 1985b; Stauffer, 1993). 

 

The major problem of frozen doughs is the performance of the yeast (e.g. Merrit, 1960;  

Kline and Sugihara, 1968; Hsu et al., 1979a,b; Davis, 1981; Bruisma and Giesenschlag, 1984; 

Hino et al., 1987). Therefore, a higher level of the yeast is generally recommended (4-6 % on 

flour basis), in order to compensate for the loss of yeast viability during freezing, frozen 

storage, and thawing (Merrit, 1960; Drake, 1970; Javes, 1971; Lorenz, 1974; Marston, 1978; 

Stauffer, 1993; Inoue and Bushuk, 1996). However, according to Lorenz and Bechtel (1965), 

much higher levels of yeast (6-8 % on flour basis) have a deleterious effect on flavor and 

aroma of baked goods prepared from frozen doughs.  

 

3.1.4 Salt 

 

Salt that is normally used by the bakers is table or cooking salt (NaCl). On average, bakers 

use ~1.5-2% salt based on the weight of the flour. Primary function of the salt in fermented 

baked products is to add flavor (Brown, 1985a). Salt also has some technological functions, 

such as to increase dough stability, firmness, and capacity to retain fermentation gases. Salt 

has a specific effect on fermentation; the higher the concentration of salt, the lower the rate of 

fermentation with the same yeast level, and vice versa. Moreover, salt has a strengthening 

effect on the gluten network during fermentation of the dough (Brown, 1985a; Stear, 1990; 

Sultan, 1990). In general, added salts increase gelatinization temperature of starch             

(e.g. Wu et al., 1985; Chinachoti et al., 1991; Cheow and Yu, 1997). However, according to 

Steer (1990), addition of salt (~1%) delays the onset temperature of starch gelatinization of 

wheat flour by 5-10 °C. 

 

3.1.5 Sweeteners 

 

The most common sweetener in the baking industry is sucrose (either cane or beet sugar), 

even though, e.g., brown sugar, dextrose, maltose, molasses, corn syrup, and invert sugar are 

frequently used in baked goods. In addition, the perceptible sweetening effect varies between 

various sugars (Matz, 1972; Sultan, 1990). Sugar is the basic source of energy, which yeast 
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converts into carbon dioxide during dough fermentation. Even though, doughs can be made 

without sugar, an average amount of sugar is 3-6% based on the weight of the flour. Sugar 

concentration to be chosen depends on the type of the product and desired crust characteristic 

(Stear, 1990; Sultan, 1990). Sugar is often added to fermented products for flavoring reasons 

and to promote a pleasant crust color. Moreover, added sugar provides a good grain and 

improvement in crumb and crust of baked goods (Wood, 1985; Sultan, 1990). 

 

Sugar levels used in frozen doughs also depend on the type of the product the bakery is 

producing. In general, a slightly higher concentration of sugar (8-10% on flour basis) than in 

conventional baking, is recommended for frozen dough production. The higher level of sugar 

in frozen doughs is desirable because of the hygroscopic properties of sugars, which increases 

the amount of water absorbed. Therefore, the amount of “free” water in dough is decreased 

and can reduce the yeast damages before final baking (Heid, 1968;                   

Bruisma and Giesenschlag, 1984; Dubois and Dreese, 1984; Stauffer, 1993).  

 

3.1.6 Shortening 

 

Different type of shortening are used in baked foods, such as standard fats, oils, and other 

shortening combinations. In general, shortening improves crumb properties of baked bread 

and the dough volume. Moreover, the texture of baked products is changed to give a shorter 

and softer bite (e.g. Brown, 1985a; Tamstorf et al., 1986; Sultan, 1990). Doughs containing 

shortening continue to expand during baking for a longer time. Therefore, the final volume of 

baked products is larger with an added shortening (Junge and Hoseney, 1981).  

 

The addition of shortening at a level of 0.7-1% of the flour weight is required for significant 

improvements in frozen dough production and bread quality (Brown, 1985a;              

Tamstorf et al., 1986; De Stefanis, 1995). According to Lorenz (1974) and Marston (1978), a 

higher shortening level is recommended for good quality of frozen doughs.                    

Inoue et al. (1995) reported that incorporation of shortening as a 40% oil in water (O/W) 

emulsion system improved particularly frozen dough stability and final loaf volume. 
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3.1.7 Ascorbic acid 

 

Oxidants are used to improve the structure and loaf volume of the dough, and to increase 

dough strength. Because of the death of the yeast cells during frozen storage, reducing 

substances (particularly glutathione) are formed, that lead to some gluten weakness as a result 

of weakened disulfide bridges that are essential in stabilization of the gluten network     

(Kline and Sugihara, 1968; Hsu et al., 1979; Stauffer, 1993). Therefore, more oxidants are 

needed to compensate this reducing action in the frozen dough production.  

 

Ascorbic acid has been widely used as an oxidant in the baking industry. The amount used 

for good dough processing is 10-200 ppm, based on flour weight, and it depends on the 

desired effects on the quality of baked goods (Wood, 1985; Fitchett and Frazier, 1986;   

Stear, 1990; Inoue and Bushuk, 1996; El-Hady et al., 1999). Giacanelli (1972) reported that 

the combination of ascorbic acid and cysteine gave magnificent bread with success to volume 

and texture. Moreover, the combination of ascorbic acid and potassium bromate is often used 

to improve the quality of baked goods, because it has been shown that it allows even grater 

improvement than ascorbic acid alone (Varriano-Marston et al., 1980;                   

Inoue and Bushuk, 1991; El-Hady et al., 1999). There are also other oxidants available for 

bread production, such as azodicarbonamide and potassium iodate (Wood, 1985).   

 

3.1.8 Water extractable arabinoxylans 

 

Water extractable arabinoxylans (WEA) are polysaccharides and form a part of the pentosans 

fraction in cereals. The pentosan content of wheat flour amounts to 2-3% (w/w) about which 

30% is water extractable (Kulp, 1968; D’Appolonia, 1971; Hoseney, 1984). These 

arabinoxylans have a xylan backbone formed by β-1-4 linked xylose units, arabinose units 

linked to some of the xylose units, and ferulic acid residues linked to some of the arabinose 

units (Fig. 1).  
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Figure 1. A chemical structure of water extractable arabinoxylans (WEA). 
 

The pentosans are particularly important in bread making because of their physical 

properties. Addition of water extractable pentosans into the dough has given a pronounced 

increase in bread volume (e.g., Pence et al., 1950; Hoseney et al., 1969;                    

Jelaca and Hlynka, 1972; Michniewicz et al., 1992). Furthermore, pentosans have decreased 

the rate of recrystallization of starch by interfering with crystallizing starch units              

(Kim and D’Appolonia, 1977), and, therefore, reduced staling rate of baked bread            

(Kim and D’Appolonia, 1977; Jankiewich and Michniewich, 1987). 

 

It is well established that the pentosans are extremely hydrophilic. It has been reported than 

even though the same farinograph method was used, different amounts of water was 

associated with water extractable pentosans. For example, Kulp (1968) found that water for 

extractable pentosans could contain 11 times their own weight of water.                    

Jelaca and Hlynca (1971) showed that the water extractable pentosans adsorbed 9.2 times 

their own weight of water. Kim and D’Appolonia (1977) obtained a value of 4.4 for water 

extractable pentosans. Despite of these differencies, the effects of pentosans on the physical 

properties of different cereal materials are well established. However, there are no previously 

reported studies on effects of pentosans on the phase and state transitions of wheat doughs. 

 

3.1.9 Other ingredients 

 

Enzymes, which can change the flour constituents into lower molecular weight units, 

stimulate fermentation and gas production on a continuous basis to leaven the dough mass.  

α-amylase hydrolyzes mechanically damaged and gelatinized starch to dextrins, which are 
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further hydrolyzed to maltose by β-amylase and converted into glucose by the action of 

induced yeast α-glucosidase (Linko and Linko, 1986). α-amylase could be added to dough in 

various forms, such as with flours, as viscous liquids, and powders, whereas β-amylases are 

present in malted barley flours (Stear, 1990). 

 

Surfactants can act, in general, as dough strengtheners and to improve frozen dough stability. 

Sodium stearoyl lactylate (SSL) and diacetyl tartaric acid ester of monoglycerides (DATEM) 

have been shown to be effective in sustaining both increased volume and crumb softness in 

bread manufactured from dough inclined to extended storage (De Stefanis et al., 1977; 

Marston, 1978; Varriano-Marston et al., 1980; Davis, 1981; Wolt and D’Appolonia, 1984b; 

Dubois and Blockcolsky, 1986; Tamstorf et al., 1986; Hosomi et al., 1992; Inoue et al., 1995; 

El-Hady et al., 1999; Sahlstrøm et al., 1999). 

 

Sodium bicarbonate (baking soda) is by far the most common chemical leavening agent in the 

baking industry, because is has a number of advantages; non-toxicity, low-cost, easy to 

handle, and it gives a relatively tasteless end-product. Moreover, potassium bicarbonate and 

ammonium bicarbonate have been used as chemical leavening agents (Sultan, 1990; 

Hoseney, 1994; Chevallier et al., 2000). 

 

L-cysteine is used as a mixing reducing agent, but is not recommended for frozen dough 

products, because it weakens gluten strength and, therefore, decreases loaf volume during 

storage (Stear, 1990; Stauffer, 1993). 

 

 

3.2 WATER SORPTION 

 

Water is the most abundant component in most foods and most structural transitions and 

phase transitions of foods are significantly affected by water. Water activity (aw), instead of 

percent moisture is often a better indicator of the stability and quality of food materials 

(Scott, 1957), as defined in equation (1).  

 

 



 

 10

1000

RH

p

p
aw ==      (1) 

 

where aw is water activity, p is partial pressure of water in food, p0 is vapor pressure of pure 

water at the same temperature, and RH is relative humidity (%) of the air. 

 

A water sorption isotherm describes the amount of water absorbed by food solids as a 

function of aw or RH at a constant temperature (Labuza, 1968). Most foods follow a sigmoid-

shaped curve representative of a type II isotherm (Fig. 2), according to Brunauer (1945). The 

resultant curve is caused by a combination of colligative effects, capillary effects, and 

surface-water interaction (Bell and Labuza, 2000).  
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Figure 2. A typical moisture sorption isotherm for most food materials. 
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Part A in Figure 2 represents the sorption of water molecules in a single monolayer onto the 

sorbent binding sites (Langmuir, 1918). Region B corresponds to sorption of additional layers 

over the monolayer. Over the region B, Helen and Gilbert (1985) postulated that water 

clusters begin to form in which the attraction between water molecules is stronger than that 

between water molecules and active sites. A capillary condensation region (region C) in 

which water condenses in the porous structure of the food systems and acts as a solvent for 

various solutes (Labuza, 1968; van Doore, 1985). 

 

There are a number of techniques for measuring water sorption properties of solid food 

materials of various kinds, such as gravimetric, manometric, and hygrometric techniques. The 

gravimetric technique is one of the main procedures for measuring water sorption properties 

of food solids. The principle of this technique is determination of weight changes of samples, 

which are placed in desiccators maintained at known relative humidities (RH) over saturated 

salt solutions, until a constant weight is obtained (Gál, 1975). In this technique, desiccators 

with (Labuza et al., 1985; Roos and Karel, 1991a; Bonelli et al., 1997) or without     

(Lomauro et al., 1985; Nikolaidis and Labuza, 1996a) vacuum can be used. Several days or 

even months may be required to reach equilibrium, but the time required to transfer water 

through the vapor phase may be reduced by evacuation (Stitt, 1968).  

 

Water sorption in food materials (e.g., cereal components) is one of the most important 

factors that affects their physical state and stability. Therefore, there are numerous sorption 

isotherm models to predict water activity and water content relationships for various food 

materials. This prediction is often based on the determination of precise and sufficient 

experimental data and fitting the sorption isotherm models to the data.                    

Brunauer-Emmett-Teller (BET) (Brunauer et al., 1938) model is the sorption isotherm model 

commonly used by food scientists. Another frequently used sorption isotherm model is the 

Guggenheim-Anderson-de Boer (GAB) model (van den Berg and Bruin, 1981). The BET 

model is given in equation (2). The linearized form of the model is given in equation (3).  
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where m is water content (g H2O/100 g solids), mm is monolayer water content (g H2O/100 g 

solids), aw is water activity, and K is a constant. 
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where aw is water activity, m is water content (g H2O/100 g solids), b is (K – 1)/(mmK), and   

c is 1/(mmK). 

 

Equation 3 allows the use of linear regression in model fitting, when experimental sorption 

data was plotted as a function of aw. Values for K and mm can be obtained from K = (b + c)/c 

and mm = 1/(b + c).  

 

The GAB model is given in equation (4). It may be transformed to the form of a second-order 

polynomial, which is given by equation (5), where values for the parameters are defined by   

α = C/{mm[(1/K') - 1]}, β = 1/{mm[1 – (2/K')]}, and γ = 1/(CK'mm). The constants α, β and γ 

can be solved by regression analysis. The monolayer water content (mm) and the constants C 

and K' are obtained from equations (6), (7) and (8), respectively. 
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where m is water content (g H2O/100 g solids), mm is monolayer water content (g H2O/100 g 

solids), aw is water activity, and K' and C are constants. 

 

γβα ++= ww
w aa

m

a 2)(      (5) 

 

24

1

βαγ −
−=mm       (6) 



 

 13

γ
β

2

)/1( mm
C

−
−=       (7) 

γCm
K

m

1
'=        (8) 

 

The BET isotherm is often applied to foods, and it allows very simply the determination of 

the monolayer water content. According to several authors, e.g., Salwin (1959, 1963),  

Labuza et al. (1970), Aguerre et al. (1986), and van den Berg (1986) the monolayer value 

gives the water content corresponding to highest stability of a low-moisture food. However, it 

should be noted that the monolayer water content is not a well defined concept (Peleg, 1993). 

The GAB isotherm is also a useful sorption model to predict the monolayer water content. 

The GAB isotherm model is more useful, because it has been shown to fit experimental 

sorption data over the whole aw range (e.g. van den Berg et al., 1975;                   

van den Berg and Bruin, 1981), whereas the BET isotherm fits only over the narrow 

experimental sorption data range between 0 and 0.4 aw (e.g. Labuza, 1968;                    

van den Berg and Bruin, 1981; Roos, 1993). The GAB has also other advantages, because it 

can be used to fit experimental data from various temperatures, and to fit sorption data of 

most foods. 

 

 

3.3 FREEZING 

 

Freezing is based on the physical principles of separation of water from a dough, as a result 

of ice crystal formation below 0 °C. Quality and texture of frozen foods is generally 

improved by minimizing the size of ice crystals formed during the freezing process.         

Reid (1990) pointed out that the ice formation results in microstructural changes in foods. 

Generally, large ice crystals are formed in slow freezing processes, while in rapid freezing, a 

relatively large number of small ice crystals are formed. Therefore, rapid freezing promotes 

more uniform crystallization of water throughout the material, which leads to a higher quality 

frozen product. Formation of ice can be categorized in three key steps; (1) nucleation or 

initiation step, in which a growth template or seed is formed, (2) propagation or growth step, 

in which the main mass of the crystalline material is formed, and (3) maturation or 

recrystallization step (Luyet, 1968). 
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3.3.1 Nucleation 

 

Nucleation is the process that precedes crystallization and which represents the appearance of 

the ice nuclei. Nucleation results from the metastable state that occurs after supercooling due 

to solvent removal or a decrease in temperature of a solution. Supercooling takes place 

because of a barrier in the free energy, which has to be overcome to form the initial nucleus 

of the ice phase (Van Hook, 1961). Two glasses of primary nucleation are recognized; 

homogeneous and heterogeneous, and then a secondary nucleation. 

 

3.3.1.1 Homogeneous nucleation 

 

Homogenous nucleation of ice from supercooled water does not take place until a 

temperature approaching −40 °C is reached (e.g. MacKenzie and Rasmussen, 1972;      

Kenno and Angell, 1976; MacKenzie, 1977; Franks, 1982). After that, the ice crystals 

develop spontaneously from nuclei, which may be formed by clusters of water molecules 

(Hallet, 1968; Blond, 1985). Presence of solutes can decrease the rate of homogenous 

nucleation by an increase in the free interfacial energy between the ice and the aqueous phase 

(Michelmore and Franks, 1982; Franks et al., 1983, 1984). 

 

3.3.1.2 Heterogeneous nucleation 

 

Heterogeneous nucleation is the most often observed crystallization process, which occurs in 

food materials. It occurs when water molecules aggregate on a nucleating agent, such as 

foreign bodies or insoluble materials. Nucleating agents reduce energy needed for the 

formation of the critical nuclei, because water during freezing when dominated by the 

heterogeneous mechanism will nucleate at higher temperatures, and, therefore, facilitate the 

crystallization of water (Van Hook, 1961; Parungo and Wood, 1968; Hallet, 1968;        

Blond, 1986). Moreover, Muhr et al. (1986), Reid (1983), and Blond (1986) demonstrated 

that common food grade polymers increased the heterogeneous nuclei population in water, 

and, therefore, increased the nucleation rate of water. However, it should be noticed that 

nucleation may be reduced by other compounds, e.g., mixtures or several solutes 

(Charoenrein et al., 1991; Ozilgen and Reid, 1993). 
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3.3.1.3 Secondary nucleation 

 

Secondary nuclei may be formed when microscopic attrition between already existing 

crystals, i.e., it occurs in the presence of existing crystals of the nucleating compound. 

According to Hartel and Shastry (1991), secondary nucleation requires external forces, and it 

may result from mechanical reduction of the size of the existing crystals. Moreover, the small 

crystals may grow greater and exceed the critical size of the stable nuclei.                    

Hartel and Chung (1993) reported that simple proteins act as inhibitors to secondary 

nucleation, by altering the surface and/or absorbed layer structure of the crystals.            

Shirai et al. (1985) found that polymers alone and in solution with other low molecular 

weight components affect secondary nucleation in a batch of crystals. Moreover, the 

nucleation rate was dependent on the type and concentration of the polymer, decreasing with 

increased viscosity of the solution.  

 

3.3.2 Propagation  

 

The nucleation step of the crystallization process is followed by propagation (crystal growth). 

Propagation requires that molecules are able to diffuse to the surface of the growing nuclei. 

Once nucleation and propagation are initiated, water molecules move rapidly toward 

achieving energetically favored structural arrangement, i.e., towards thermodynamic stability 

(Hobbs, 1974). Presence of minor amounts of impurities decrease the rate of the propagation 

(e.g. Lusena, 1955; Van Hook, 1961; Muhr and Blanshard, 1986;                    

Budiaman and Fennema, 1987a,b; Blond, 1988).  

 

Two primary factors control the crystal growth process; (1) heat transfer, since the heat 

content of the crystals are different from that of the liquid or solution, and (2) mass transfer, 

since the molecular structure characteristic of the liquid must rearrange into similar of those 

of the crystal, and solute molecules must be rejected from the crystal growth face to make 

more room for the molecules of the crystallizing species (Hallet, 1968). Because the freezing 

process involves molecular rearrangements, the mass transfer processes are very important. 

Molecules of the crystallizing species must be transported into the growth interface and must 

orient properly to the requirements of the crystal structure. Moreover, molecules of solutes 

must, at the same time, diffuse away from the growth interface and be incorporated into the 
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bulk liquid medium (Van Hook, 1961). As the amount of ice crystals increases and the 

temperature decreases, the solute concentration of the unfrozen phase increases. Therefore, in 

a certain concentration of solutes the unfrozen phase becomes “maximally” freeze-

concentrated, and crystallization will stop as the unfrozen matrix vitrifies (Roos, 1995). 

 

Addition of biopolymers to solutions reduces the rate of propagation.                    

Rapatz and Luyet (1972) showed that increasing the gelatin concentration over the range       

1 to 40%, produced a remarkable reduction in the rate of crystal growth. Blond (1985) 

reported that the propagation rate of the ice front was greatly reduced, when the concentration 

of carboxymethyl cellulose (CMC) was increased up to 5%. Also, gelled systems were much 

more effective in reducing the rate of crystallization than ungelled solutions. Blond (1988) 

pointed out that the slowing down of the crystal front was a mechanical effect, which was 

imposed by the polymer molecules. Budiaman and Fennema (1987a,b) showed that the 

crystallization velocity decreased as the hydrocolloid concentration and viscosity increased. 

 

3.3.3 Recrystallization 

 

Recrystallization can be defined as any change in the number, size, shape, orientation, or 

perfection of crystals following completion of initial solidification. Recrystallization is the 

process in which mean ice crystals increase in size and decrease in number through 

redistribution of water from small to large crystals, with increasing storage time        

(Burgers, 1963; Fennema, 1973). The principal mechanisms of recrystallization include 

accretive, isomass, migratory, and pressure-induced recrystallization. Accretion occurs when 

two crystals are in close proximity to or direct contact and a bridge is formed, minimizing the 

surface energy that connects the two crystals. Isomass recrystallization occurs as a crystal 

enters a lower energy state without mass transfer with surroundings. Isomass process causes a 

change in the crystal shape or volume, but however, without any change in the mass of the 

single crystal. Migratory recrystallization may also be called “Ostwald ripening”. It happens, 

because small crystals have smaller radii of curvature, and hence, higher specific energy than 

larger ones. Therefore, small crystals melt more easily and large crystals grow. Pressure-

induced recrystallization may occur when an external force is applied to crystal (Roos, 1995; 

Pham and Mawson, 1997; Hartel, 1998). According to Fennema and Powrie (1964) and 
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Fennema (1973) the main recrystallization mechanisms, which affect frozen food quality are 

migratory and accretive recrystallization.  

 

Recrystallization phenomena are one of the main reasons for loss of quality during frozen 

storage. Harper and Shoemaker (1983) studied ice recrystallization in carbohydrate solutions. 

They found that the recrystallization rate was affected by sweetener, and effectiveness in 

temperature inhibition was in the order sucrose > corn syrup > fructose.                    

Smith and Schwartzberg (1985) found that both sucrose and gelatin reduced the rate of 

crystal growth. There are also several other studies, in which various biopolymers have been 

tested as recrystallization inhibitors to slow down the rate of recrystallization. In these 

studies, biopolymers decreased the rate of recrystallization (e.g. Cottrell et al., 1979; 

Champion et al., 1982; Wittinger and Smith, 1986; Buyong and Fennema, 1988;          

Warren et al., 1993). 

 

 

3.4 FROZEN STATE AND GLASS TRANSITION 

 

As ice separates out during freezing, the solute concentration of the unfrozen phase in contact 

with the ice increases. The combined effects of lowering temperature and increasing 

concentration reinforce the mobility properties of the food system. In any solution, as solute 

concentration is increased, there is a tendency for the solution viscosity to increase. When the 

temperature is lowered while simultaneously the solute concentration in the unfrozen phase is 

increased, a rapid increase in viscosity would be expected (Roos, 1995). However, 

detrimental reactions that are diffusion controlled can occur within unfrozen phase even at 

very low temperatures (e.g. Franks, 1982,1985; Blanshard and Franks, 1987;                    

Roos and Karel, 1991b,c,d; Goff, 1992). 

 

The concentration of the unfrozen aqueous phase continues to increase as the temperature 

decreases. After a certain concentration of the unfrozen phase, no more ice will separate. This 

is the maximum freeze concentration of the unfrozen phase. If the food system is further 

cooled, and no crystallization occurs, eventually the system becomes so viscous that it turns 

into a glass. A glass can be characterized as a liquid with extremely high viscosity          

(1012-1014 Pa s), because of an extremely low molecular diffusion rate                   
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(Slade and Levine, 1991). The glassy state is a non-equilibrium, disordered solid state that is 

unable to achieve any long range relaxation behavior, and therefore achieves real time 

structural stability through high viscosity on a practical time scale (Franks, 1982). A glass 

transition temperature (Tg) is a time dependent change in physical state from the glassy to a 

rubbery viscous liquid, and it occurs over a temperature range. It is a second-order-like 

transition and characterized by a change in rate of volume expansion with temperature, a 

discontinuity in thermal expansion coefficient, and a discontinuity in heat capacity 

(Wunderlich, 1981; Slade and Levine, 1991; Roos, 1995). 

 

A non-maximally freeze-concentrated solution would also exhibit the glass transition. This is 

due to a non-equilibrium ice formation, which is a typical phenomenon of rapidly cooled 

solutions, and is probably the most common form of ice formation in foods (Roos, 1995). If 

maximal freeze-concentration has not occurred, the system is vitrified at a lower 

concentration, and therefore, at a Tg lower than Tg'. Tg' is the glass transition temperature of 

the maximally freeze-concentrated solutes (Levine and Slade, 1986, 1988b). Upon warming 

of such a system, ice crystallization may occur above Tg, which phenomenon is known as 

devitrification. Just after the devitrification, the melting of ice begins and it is often 

accompanied by an endothermal step change (Luyet et al., 1966). Thus, it is necessary to 

optimize a freezing process to achieve both small ice crystal size and the maximal freeze-

concentration to achieve the highest Tg possible, if desirable (Luyet and Rasmussen, 1968; 

Blanshard and Franks, 1987; Blond and Simatos, 1991). However, annealing at a temperature 

above the onset of glass transition of the maximally freeze-concentrated solute matrix, Tg', 

but below the onset of ice melting in the maximally freeze-concentrated material, Tm', results 

in time-dependant ice formation, as can be seen in a state diagram (Fig. 3). The amount of ice 

formed increases with annealing time until the maximally freeze-concentrated state is formed 

after sufficient annealing time. 

 

State diagrams are particularly useful in the characterization of the physical state of food 

materials and the water content dependence of transition temperatures. However, it is nearly 

impossible to illustrate the state diagrams of complex food systems, because they consist of 

numerous components, are heterogeneous, and structurally complicated. The state diagram 

describes the concentration dependence of the glass transition temperature of a solute, and 

relationships between ice formation and solute concentration at low temperatures (Fig. 3).  
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Figure 3. A schematic temperature vs. concentration state diagram. 
 

The glass transition temperature, Tg, of solution decreases with increasing water content 

according to the Tg curve. Solutions with an initial solute concentration lower than the solute 

concentration in a maximally freeze-concentrated solute matrix, Cg', may form ice according 

to the equilibrium melting temperature, Tm, curve. Maximally freeze-concentrated solutions 

show glass transition of the freeze-concentrated solute matrix, Tg', and maximum ice 

formation between Tg' and Tm'. Tm' is the onset temperature of ice melting in maximally 

freeze-concentrated solutions (Roos, 1995). 

 

Because of the complexity of food products, the glass transition can be expected to occur 

over a broad temperature range, and thus, be difficult to detect by the thermal methods 

generally used. Heat capacity measurement by differential scanning calorimetry (DSC) is 

probably one of the most common techniques to determine the glass transition, but does not 

appear to be sensitive enough to reveal all glass transitions. Therefore, other techniques are 

recommended to detect the glass transition of complex food systems. The glass transition can 

also be observed from relaxations, using thermomechanical analysis (TMA)                   

(e.g. Carrington et al., 1994; Sahagian and Goff, 1994, 19951,b; Huang et al., 1996), 

dynamic-mechanical (thermal) analysis (DMA/DMTA) (e.g. Attenburrow et al. 1992; 
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Nikolaidis and Labuza, 1996b; Vodovotz and Chinachoti, 1996, 1998; Pouplin et al., 1999), 

dielectric (thermal) analysis (DEA/DETA) (e.g. Kalichevsky et al. 1992a;                   

Räsänen et al., 1998), and dielectric spectroscopy (e.g. Huang et al., 1996;                   

Roudaut et al., 1999), and also from changes in molecular mobility, using spectroscopy 

techniques, such as Raman spectroscopy (e.g. Söderholm et al., 1999, 2000), nuclear 

magnetic resonance spectroscopy (NMR) (e.g. Rubin et al., 1990;                    

Kalichevsky, et al., 1992a,b,c; Cherian and Chinachoti, 1996, 1997), and electron spin 

resonance spectroscopy (e.g. Roozen and Hemminga, 1990; Roozen et al., 1991). However, 

Kalichevsky et al. (1992a) suggested that DMTA and DETA were more sensitive in detecting 

the glass transition than DSC. Moreover, according to Wetton (1986) and                    

Rotter and Ishida (1992), the DMA is about 1000 times more sensitive in observing thermal 

transitions than DSC. However, the effective approach when studying glass transition in 

different food systems is the combination of various thermal analysis techniques (e.g. DSC, 

DMA, and DEA), when each complementing the others. 

 

 

3.5 RELAXATIONS BELOW GLASS TRANSITION TEMPERATURE 

 

The glass transition is considered as α-relaxation. As the temperature of a polymer is lowered 

continuously in the glassy state, the material may exhibit several second-order relaxations. 

Lower temperature relaxations are generally called β, γ…-relaxations, with decreasing 

transition temperature. The magnitude of these relaxations is much smaller than that of        

α-relaxation (glass transition). These relaxations are due to local mode (main chain) 

relaxations of polymer chains and rotations of terminal groups or side chains (Ferry 1980; 

Sperling, 1986; Kalichevsky et al., 1993a). As a local mode relaxation, Tatsumi et el. (1992) 

have attributed to uncoordinated torsional oscillations of chain segments associated with 

rotations of moderately small amplitude around chemical bonds without crossing the energy 

barrier separating the favored trans and gauche positions, as well as other vibrational modes. 

Moreover, so-called “crankshaft”-type motions are reported to be local mode relaxations. 

“Crankshaft” mechanism requires at least four –CH2– groups in succession. Thus, eight         

–CH2– units could be lined up so that the 1-2 bonds and the 7-8 bond form a co-linear axis. 

Then, given sufficient free volume, the intervening four –CH2– units rotate more or less 

independently in the manner of an “old-time” automobile crankshaft (Schatzki, 1965).          
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A major difference between main-chain and terminal group or side-chain motions is the 

toughness imparted to the polymer. Low temperature rotation of terminal groups and side-

chain motions act to absorb energy much less than the equivalent main-chain motions, in the 

face of impact blows (Boyer, 1963; Ferry, 1980; Sperling, 1986). The motions of an entire 

side group around the bond, joining it to the chain backbone is considered to be the origin of 

the low temperature relaxations (Heijboer, 1965). 

 

These low temperature relaxations can be observed the best from changes in mechanical and 

dielectric properties, i.e., storage modulus (G'), loss modulus (G''), loss factor (tan δ), 

dielectric constant (ε'), loss factor (ε''), and dissipation factor (tan δ). Thus, mechanical and 

dielectric analysis observe relaxation times of molecular rotations and energy loss, which are 

related to viscosity of the material. 

 

Several dynamic-mechanical and dielectric measurements have been performed on food 

materials, which exhibited existence of low temperature relaxations. Roudaut et al. (1999a,b) 

assumed in studies of bread and its components that the low temperature relaxations observed 

correspond to more localized motions, and they might be associated to the local motion of a 

side group or short segment of the main chain or rotations of terminal groups. Similar 

conclusions of low temperature relaxations have been reported for carbohydrates and proteins 

using either dynamic-mechanical or dielectric analysis (Kolarik, 1982; Nishinari et al., 1983; 

Chan et al., 1986; Naoki and Katahira, 1991; Scandola et al., 1991; Noel et al., 1992; 

Kalishevsky et al., 1992a, 1993; Lillie and Gosline, 1993; Noel et al., 1993, 1996; 

Gangasharan and Murthy, 1995; Kumagai, et al., 2000). 

 

Low temperature relaxations have been observed also in other than biopolymers           

(Johari, 1982; Boyd, 1985; Gradin et al., 1989; Williams, 1989; Murthy et al., 1994). 

According to Reddish (1950), molecular motions of poly(ethylene terephthalate) (PET), 

causing the β-relaxation, is considered as the reorientation of hydroxyl group at the chain 

ends. Ward (1960) and Illers and Breuer (1963) reported that β-relaxation in PET-system was 

due to the motion localized at a dipolar –COO– group in the chain. Poly(methyl 

methacrylate) (PMMA) shows three relaxation in glassy state. β-relaxation has been shown to 

be associated with side-chain motions of the ester group. Other two relaxations (γ and δ) are 
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associated with motions of methyl groups attached to the main chain and to the side chains, 

respectively (Heijboer, 1965). Moreover, Tatsumi et al. (1992) postulated that torsional 

vibrations of the main chain of PET were correlated over a length corresponding to one 

monomer.  
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4. MATERIALS AND METHODS 

 

4.1 INSTRUMENTS 

 

4.1.1 Differential scanning calorimetry (DSC) 

 

A Mettler TA 4000 (Mettler-Toledo AG, Switzerland) thermal analysis system with a     

DSC-30 low temperature measuring cell, a TC15 TA processor, and STARe Thermal 

Analysis System Version 3.1 software was used (I, II, V, VI). The DSC was calibrated using 

n-pentane (Tm = −129.7°C; ∆Hm = 116.7 J/g), n-hexane (Tm = −94.0°C; ∆Hm = 151.8 J/g), 

mercury (Tm = −38.8°C; ∆Hm = 11.4 J/g), distilled water (Tm = 0.0°C; ∆Hm = 334.5 J/g), 

gallium (Tm = 29.8°C; ∆Hm = 80.0 J/g), and indium (Tm = 156.6°C; ∆Hm = 28.5 J/g). An 

empty aluminum pan was used as a reference sample. Dry nitrogen gas (AGA, 99.999% N2) 

flow of 50 ml/min was used to minimize water condensation in the measuring cell. 

 

The DSC measures a differential heat flow between a sample and an inert reference at 

atmospheric pressure. The sample and reference, placed in a furnace on a high conductivity 

disk, are subjected to controlled heating or cooling in a controlled atmosphere. The resulting 

heat flow is measured by a sensitive area thermocouple and recorded for use in determining 

transition temperatures and heats of reaction (TA3000 System, operating instruction, 1984).   

 

4.1.2 Dynamic-mechanical (thermal) analysis (DMA/DMTA) 

 

A dynamic-mechanical analyzer (DMA 242, Netzsch-Gerätebau GmbH, Selb, Germany) 

equipped with a DMA 242 measuring unit, a cooling gas controller, a DMA 242 and TASC 

414/3 controller, and Netzsch DMA 242 software version 1.5 was used (I, II, V). The 

instrument was used with a disk-bending sample holder. The sample holder used was adapted 

from MacInnes (1993), and it is shown in Figure 1 in I. It consisted of three stainless steel 

layers, which were separated by two 0.05 mm thin PET plastic films. The sample was located 

between these two plastic films. Also, a Dynamic Mechanical Thermal Analyzer (Mark III 

DMTA, Polymer Laboratories, Loughborough, U.K.) was used with an ordinary disk-bending 

sample holder (IV). 
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In these analysis, sinusoidally varying stress was applied to the material and a deformation of 

the material observed as a function of time, temperature and frequency. These analysis were 

used to obtain three major parameters: (1) the storage modulus, G', which measured the 

amount of energy stored in the material per cycle; (2) the loss modulus, G'', which is 

proportional to the amount of energy dissipated per cycle; and (3) the loss tan δ, which 

corresponds to the ratio of energy lost to the energy stored per cycle (Gradin et al., 1989; 

Sperling, 1992).  

 

4.1.3 Dielectric analysis (DEA) 

 

A dielectric analyzer (DEA 2970, TA Instruments, Delaware, U.S.A.) equipped with a liquid 

nitrogen cooling accessory (LNCA), Thermal Analyst 2000 System version 8.10B (2.3A) was 

used with a parallel plate sensors (I, III, V). Dry nitrogen gas (AGA, 99.999% N2) flow of 

250 ml/min was used to minimize water condensation on samples during measurements in 

the measuring chamber.  

 

Dielectric analysis measures the two essential features of a material: (1) capacitance, or its 

ability to store electric charge, and (2) conductance, or its ability to transfer electric charge as 

a function of temperature, time, and frequency. Three parameters were evaluated: (1) the 

permittivity or dielectric constant, ε', which is related to capacitance and measures the degree 

of alignment of dipoles to the electric field; (2) the loss factor, ε'', which is proportional to 

conductance and relates to the energy required to align dipoles or move ions; and                

(3) dissipation factor (tan δ), which corresponds to the ratio of loss factor to permittivity 

(Williams, 1989). The technique used in the present study involved placing a sample between 

two gold electrodes and exposing it to an alternating electrical field. Applying a sinusoidal 

voltage to the lower electrode created the field. This produced polarization within the sample, 

causing oscillation, which was at the same frequency as the electric field, but with a phase 

angle shift.  
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4.2 PREPARATION OF WHEAT DOUGHS FOR THERMAL BEHAVIOR STUDIES 

 

Wheat (Torfrida, harvest 1997) used in the present study was obtained from AVEVE 

(Landen, Belgium) and milled using a Buhler MLU-202 laboratory mill (Uzwill, 

Switzerland), according to AACC Method 26-31. Milling yield, protein content (% of dry 

matter), ash content (% of dry matter) and farinograph water absorption (14% moisture basis) 

were 69%, 9.2%, 0.54% and 62.0%, respectively. A micro-Kjeldahl procedure, according to 

AACC Method 46-13 (N x 5.7), was used for protein assessment. Ash content was measured 

according to AACC Method 08-01. Farinograph water absorption was determined according 

to AACC Method 54-21, and was based on dough consistency at the 500 BU (Brabender 

Unit) line.  

 

Added sucrose (Sigma Chemical Co., Germany), NaCl (Merck, Germany) (II, III, IV, V), and 

ascorbic acid (Merck, Germany) (II, III) were dissolved in distilled water to obtain solutions 

with 10, 2.7, and 0.009% concentrations, respectively. All solutes were solubilized in water 

to obtain homogeneous distribution. 5.755, 5.480, and 5.400 mL of sucrose, NaCl, and 

ascorbic acid solutions, respectively, were added into a mixing bowl with 10 g of the flour. 

The WEA powder was mixed with the flour (10 g) and water (5.4 mL) to obtain doughs with 

1 and 3% (IV) or 1, 2, and 3% (V) of WEA (% of flour weight). The doughs were mixed       

3 min with the solutions to an optimum consistency, using the 10 g bowl Micro-Mixer 

(National Mfg. Co., Lincoln, Nebraska). Recipes for various doughs prepared in the present 

study are given in Table 1. 
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Table 1. Compositions of various wheat doughs 

Flour Water Sucrose NaCl AA(1) WEA

Dough (flour + water) 10 g 5.4 mL

Dough + AA(1) 10 g 5.4 mL 5 mg

Dough (flour + water) + 1% WEA 10 g 5.4 mL 0.1 g

Dough (flour + water) + 2% WEA 10 g 5.4 mL 0.2 g

Dough (flour + water) + 3% WEA 10 g 5.4 mL 0.3 g

Dough + sucrose 10 g 5.4 mL 0.6 g

Dough + sucrose + AA(1) 10 g 5.4 mL 0.6 g 5 mg

Dough + sucrose + 1% WEA 10 g 5.4 mL 0.6 g 0.1 g

Dough + sucrose + 2% WEA 10 g 5.4 mL 0.6 g 0.2 g

Dough + sucrose + 3% WEA 10 g 5.4 mL 0.6 g 0.3 g

Dough + NaCl 10 g 5.4 mL 0.15 g

Dough + NaCl + AA(1) 10 g 5.4 mL 0.15 g 5 mg

Dough + NaCl + 1% WEA 10 g 5.4 mL 0.15 g 0.1 g

Dough + NaCl +  2% WEA 10 g 5.4 mL 0.15 g 0.2 g

Dough + NaCl +  3% WEA 10 g 5.4 mL 0.15 g 0.3 g

Dough + sucrose + NaCl 10 g 5.4 mL 0.6 g 0.15 g

Dough + sucrose + NaCl + AA(1) 10 g 5.4 mL 0.6 g 0.15 g 5 mg

Dough + sucrose + NaCl + 1% WEA 10 g 5.4 mL 0.6 g 0.15 g 0.1 g

Dough + sucrose + NaCl + 2% WEA 10 g 5.4 mL 0.6 g 0.15 g 0.2 g

Dough + sucrose + NaCl + 3% WEA 10 g 5.4 mL 0.6 g 0.15 g 0.3 g

(1) Ascorbic acid  

 

To obtain DMTA samples (9 mm width, 0.9 mm thickness, and length varied from               

15 to 20 mm) with different water contents, the samples were humidified in desiccators 

without vacuum under various RH conditions (Table 2) at room temperature (24-25 °C) (V). 

The steady state water contents of the doughs, stored at different RH conditions at least         

3 weeks, were determined according to AACC Method 44-15A (at 130 °C for 60 min).  

 

To obtain DEA samples with intermediate water contents (VI), the disk-shaped samples were 

placed on 20 mL glass Petri dishes and frozen, first at −20 °C for 6 h, then at −80 °C for 24 h. 

Frozen samples were transferred into the freeze-drier and freeze-dried for 48 h at a pressure  

< 0.1 mbar, corresponding to ice temperature of ≤ –40 °C. Triplicate samples were 

rehumidified at room temperature (24-25 °C) in vacuum desiccator over saturated NaCl 

solution at 75.3% RH (Greenspan, 1977). 
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Table 2. Saturated salt solutions (Merck, Germany) used in desiccators to obtain various 
relative humidities (RH) (Greenspan, 1977; Resnik and Chirife, 1988).  

Salt RH (%) at 24-25 °C

LiCl 11.3

CH3COOK 22.5

MgCl2 32.8

K2CO3 43.2

NaBr 57.6

NaNO3 65.4

NaCl 75.3

KCl 84.3

 

 
 

4.3 THERMAL BEHAVIOR OF WHEAT DOUGHS 

 

4.3.1 Differential scanning calorimetry 

 

Different dough samples were immediately removed from the mixing bowl after dough 

mixing. The doughs were cut into ~10 mg pieces, and triplicate samples were moved into  

pre-weighed 40 µL aluminum DSC pans (Mettler-Toledo AG, Switzerland), and the pans 

were hermetically sealed (I, II, V). DSC thermograms were obtained for different samples 

annealed at a few degrees below the onset temperature of ice melting of the material, then 

cooled to −100 °C, and scanned at a heating rate of 5 °C/min from −100 to 10 °C. The Tm' 

values were derived from the DSC data as the onset temperatures for the ice melting 

transition (e.g. Roos and Karel, 1991d,e). Relative amounts of unfrozen water were obtained 

from the relationship between latent heat of ice melting (∆Hm, J/g solute) and water content 

(g/g solute). Unfrozen water content, Wg' (g H2O/g solute) and solid concentration in 

unfrozen water, Cg' (weight % solute) (Levine and Slade, 1988b), were calculated using 

equations (9) and (10). 
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where wtot is total amount of water (g), ∆Hmtot is total heat of melting of ice (J), ∆Hmv is latent

heat of melting of ice (334 J/g), and Ctot is total amount of solute (g). ∆Hmtot/∆Hmw is the

amount of ice (g) in the sample, and wtot - ∆Hmtot/∆Hmw is the amount of unfrozen water (g).

It should be noticed that this method gave only relative unfrozen water contents, because the

latent heats determined and the assumptions used in the calculations differ from absolute

thermodynamic criteria, i.e., it does not take into account the temperature dependence of the

latent heat of melting and heat capacity and concentration changes of ice and unfrozen water

(e.g. Simatos et al. 1975; Levine and Slade, 1986; Roos and Karel, 1991d,e).

4.3.2 Dynamic-mechanical (thermal) analysis

Disk-shaped samples, diameter 30 mm and thickness 1.5 mm, were prepared with a special

mold. At least triplicate samples were analyzed with DMA at a heating rate of 1 °C/min from

−150 to 10 °C. Before analysis, the samples were annealed a few degrees below the onset

temperature of ice melting for all doughs with different ingredients to obtain maximally

freeze-concentrated samples. The annealed samples were cooled at 1 °C/min to −150 °C (I,

II). The annealed samples were also analyzed with DMA at a dynamic heating rate of 1

°C/min from −60 to 10 °C (V). The samples were analyzed at frequencies of 0.1, 0.5, 1, 2.5,

5, 10, and 20 Hz at an amplitude of 7.5 µm (I, II, V).

To obtain thermal behavior of doughs with different water content (IV), at least triplicate

samples were analyzed using DMTA at a heating rate of 2 °C/min from at least 30 °C below

the observed onset temperature of the α-relaxation to at least 30 °C above the transition

temperature range. The glass transition temperature, Tg, was determined from the onset
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temperature of the α-relaxation, which resulted in a sharp decrease in storage modulus (G').

During dynamic heating, the samples were analyzed at frequencies of 0.1, 1, and 5 Hz and a

strain setting was 0, which corresponded to an amplitude of 16 µm. The instrument measured

each frequency for about 2 to 3 min and then changed to the next frequency during heating.

4.3.3 Dielectric analysis

Disk-shaped samples, diameter 24 mm and thickness 1 mm, were prepared with a special

mold (I, III, V). At least triplicate samples were analyzed with DEA at a heating rate of

1 °C/min from −150 to 10 °C. Before analysis, the samples were annealed a few degrees

below the onset of ice melting for all doughs with different ingredients to obtain maximally

freeze-concentrated samples.

The annealed samples were also analyzed with the DEA at a dynamic heating rate of

1 °C/min from −60 to 10 °C (V). The frequencies used were 0.1, 0.5, 1, 5, 10, 20, 50, 100,

and 1000 Hz (II, IV, VI). The rehumidified samples were analyzed using dynamic heating at

a heating rate of 1 °C/min from −80 to 80 °C, and the frequencies used were 0.1, 0.5, 1, 5,

and 10 Hz (V).

4.4 SUGAR COMPOSITION OF FLOUR AND MIXED DOUGH

Determination of sugar composition (fructose, glucose, sucrose, and maltose) of flour and

mixed dough was carried out using an AACC Method 80-04 (I). A standard sugar solution

was made by dissolving 0.5 g fructose, 0.5 g glucose, 1.0 g sucrose, and 1.0 g maltose in

100 mL distilled water. 4 mL of the resulting sugar solution was pipetted into a 10 mL

volumetric flask and diluted to volume with acetonitrile (Merck, Germany). A NaCl

interference test solution was made by dissolving 0.5 g NaCl in 100 mL distilled water, and

4 mL of the resulting solution was pipetted into a 10 mL volumetric flask and diluted to

volume with acetonitrile.
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Flour or mixed dough (~10 g) was shaken in 100 mL distilled water using a mechanical 

shaker (Infors AG, Bottmingen). 4 mL of aqueous extract was pipetted into 10 mL volumetric 

flask, and diluted to volume with acetonitrile.  

 

Concentrations of fructose, glucose, sucrose, and maltose of the flour used and the mixed 

dough were analyzed from at least triplicate injections (25 µL) of three replicate samples 

using a 1090 Liquid Chromatograph, Series II (Hewlett Packard, GmbH, Germany) with 

1047A RI Detector (Hewlett Packard, GmbH, Germany) at a flow rate of 2.0 mL/min. The 

column (S5NH2, Phase Separation, Ltd., UK) was used at ambient temperature. Acetonitrile 

and distilled water (80:20, v/v) was used as the mobile phase. 

 

Concentrations of different sugars in the flour or the mixed dough were calculated using 

equation 11. 

 

WPASTD

DFCPASAM
Sugar

∗
∗∗∗= 100

(%)      (11) 

 

where PASAM is peak area of sugar in sample, C is concentration of sugar in standard 

(mg/mL), DF is dilution factor for sample, 100 is conversion to percent, PASTD is peak area 

of sugar in standard, and W is weight of sample (mg). 

 

 

4.5 SAMPLE PREPARATION FOR WATER SORPTION AND GLASS 

TRANSITION STUDIES OF CEREAL MATERIALS  

 

Water sorption properties were determined for gluten, denatured gluten, native starch, 

gelatinized starch (VI), water extractable arabinoxylan (WEA) (unpublished data), and 

freeze-dried dough (I). In glass transition studies, materials were gluten, denatured gluten, 

gelatinized starch (VI), and WEA (unpublished data). Gluten (Amylum, Aalst, Belgium), 

native starch (Amylum, Aalst, Belgium), and WEA (Megazyme, medium viscosity; 27 cSt., 

Ireland) powders (1-3 g, giving a sample thickness of ~5 mm) were placed in 20 mL glass 

vials. Denatured gluten and gelatinized starch were made by heating suspensions containing 

5% (w/w) and 10% (w/w) solids, respectively, to boiling with continuous stirring. 
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Gelatinization of starch was verified visually using a Nikon AFMB Labphot 

photomicrographic (Nippon Kogaku, Japan) polarized light microscopy. Wheat flour doughs 

(flour 10 g – water 5.4 mL) were mixed for 3 min to optimum consistency, using a 10 g bowl 

Micro-Mixer (National Mfg. Co., Lincoln, Nebraska). The mixed doughs were removed from 

the mixing bowl and immediately placed on 20 mL glass Petri dishes. Denatured gluten, 

gelatinized starch, and mixed dough were frozen first at −20 °C for 24 h, then at −80 °C for 

48 h. Frozen samples were transferred into a freeze-drier (Lyovac GT 2, Amsco Finn-Aqua 

GmbH, Germany), as freeze-drying was used as a method to produce amorphous materials, 

and freeze-dried for 48-72 h at a pressure < 0.1 mbar corresponding to ice temperature of      

≤ –40 °C. After freeze-drying all cereal materials in 20 mL glass vials, were further 

dehydrated over P2O5 in vacuum desiccators (diameter 15 cm and height 20 cm) at ambient 

temperature until a constant weight was achieved (at least 1 week).  

 

 

4.6 WATER SORPTION OF CEREAL COMPONENTS 

 

Water sorption properties for dehydrated (“zero” water content) materials in the glass vials 

were determined gravimetrically (I, VI). Triplicate samples were rehumidified at room 

temperature (24-25 °C) in vacuum desiccators over various RH conditions (Table 2). Water 

sorption was determined from weight gain at 1-3 day intervals. After the vacuum was 

released from the desiccators, all glass vials were kept closed with caps, before weighing, to 

avoid possible sorption or evaporation of water into the samples. When the samples were 

returned to the desiccators, after weighing, the caps were removed at ambient atmosphere, 

and vacuum was pulled immediately into the desiccators. The sorption isotherm was 

established using steady state water contents determined after leveling off of water contents 

at each RH. The steady state water contents were assumed after two consequent identical 

readings. The BET and GAB sorption isotherm models were fitted into water sorption data of 

all materials.  
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4.7 GLASS TRANSITION OF CEREAL COMPONENTS 

 

The glass transition temperatures of gluten, denatured gluten, gelatinized starch (VI), and 

WEA (unpublished data) were determined using DSC. Triplicate samples (~10 mg) were 

prepared in pre-weighed 40 µL aluminum DSC pans. Different water contents of the samples 

were adjusted by storing the samples in open pans under various RH conditions in vacuum 

desiccators over P2O5 or saturated salt solutions (Table 2) at room temperature. After 

sufficient storage, as found in sorption study, DSC pans were hermetically sealed. Samples 

were scanned at 5 °C/min from 40 °C below the observed onset of the glass transition to      

40 °C above the glass transition temperature range. The Tg was determined from the onset 

temperature of the glass transition from the second heating scan after cooling.  The Gordon-

Taylor equation (12) (Gordon and Taylor, 1952) was used to draw the predicted Tg curve of 

the materials to establish the state diagrams using both experimental and predicted Tg values. 
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where w1 and w2 are weight fractions of the component compounds, Tg1 and Tg2 are glass 

transition temperatures of the pure component compounds, and k is a constant. The Tg value 

of water at −135 °C (Johari et al., 1987) was used for Tg2. The predicted Tg1 of 243 °C    

(Roos and Karel, 1991e) was used for gelatinized starch. The experimental Tg values of the 

different materials were used to calculate the constant k.  
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5 RESULTS AND DISCUSSION 

 

5.1 THERMAL BEHAVIOR OF WHEAT DOUGHS 

 

5.1.1 Differential scanning calorimetry (DSC) 

 

Figure 4 shows a typical DSC thermogram for plain dough (flour + water). The endothermic 

melting peak of ice was found to have its onset at −18°C (I). The onset temperature of ice 

melting was very difficult to determine with DSC, because of the overwhelming endothermic 

signal of ice fusion. Low onset value of ice melting was probably due to rather high amounts 

of maltose in the doughs. The onset temperatures for ice melting in maximally freeze-

concentrated maltose solution is −31 (Roos and Karel, 1991e), and in general, sugars may 

significantly depress the onset temperature for ice melting in frozen foods                    

(Levine and Slade, 1992). 
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Figure 4. A typical DSC thermogram for frozen wheat dough (flour + water). DSC 
thermograms were obtained for different samples annealed at a few degrees below the onset 
temperature of ice melting of the material, then cooled to −100 °C, and scanned at a heating 
rate of 5 °C/min from −100 to 10 °C. 
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Added sucrose and NaCl decreased the onset temperature of ice melting and it was found at 

−26 °C for doughs containing either sucrose or NaCl or both (II). Added sucrose and NaCl 

increased the relative amount of unfrozen water, while ascorbic acid was not found to affect 

the amount of unfrozen water. The addition of WEA also decreased the onset temperature of 

ice melting and the relative amount of unfrozen water content with increasing WEA 

concentration in all doughs with different ingredients (V). This may have resulted from the 

addition of WEA as ice formation may have become delayed by an increase in the viscosity 

of the freeze-concentrated unfrozen phase. Unfrozen water contents were calculated from the 

difference between total water content and that of frozen water, the latter calculated from 

∆Hm of ice melting (I, II, V). The unfrozen water content, Wg' (g H2O/g solute), and solids 

concentration in the unfrozen water, Cg' (weight % solute), of maximally freeze-concentrated 

frozen wheat doughs with different ingredients are given in Table 2 in V. 

 

The depressing effect of solutes, such as sugars and salts, on the freezing temperature of 

water is well known (e.g. Levine and Slade, 1988b; Roos, 1995; Sahagian and Goff, 1996; 

Reid, 1997). Below the freezing temperature, the vapor pressure of ice is lower than that of 

water in the solution. Ice formation in a solution with decreased vapor pressure requires that 

the vapor pressure of ice is lower than that of water in the solution (Roos, 1995). During the 

formation of ice below the freezing temperature of the matrix, the unfrozen solution becomes 

progressively more concentrated. Added solutes, such as sugars and salts, increase further the 

initial concentration of the unfrozen matrix and, thereby, the relative amount of unfrozen 

water of the concentrated matrix at a constant temperature increases within the equilibrium 

freezing temperature range (Franks, 1982). It should be noted that in the present study, the 

unfrozen water data derived from DSC data should be considered only as relative, because 

the latent heats determined and the assumptions used in the calculations differ from absolute 

thermodynamic values. However, this method, which may lead to highly erroneous results, 

has been used by a number of authors (e.g. Simatos et al. 1975; Levine and Slade, 1986;  

Roos and Karel, 1991d,e). 

 

No other transitions for doughs were noticeable in DSC thermograms of the present study. 

However, Levine and Slade (1990a) reported that glass transition temperatures occurred in 

the −10 to −30°C range for different frozen dough systems when determined with a different 
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DSC instrument. Generally, however, as in the present study, more sensitive methods of 

analysis to observe state transitions, such as glass transition in the frozen dough, are needed. 

 

5.1.2 Dynamic-mechanical analysis (DMA) 

 

Phase and state transitions were studied by observing the storage modulus, G', the loss 

modulus, G'', and the loss tan δ as functions of temperature. Typical changes in the dynamic-

mechanical properties for plain frozen dough (flour + water), as a function of temperature (I) 

are shown in Figure 5. Two major peaks in G' at 2.5, 5 and 10 Hz frequencies were obtained; 

the lower temperature peak apparently corresponded to the glass transition region, while the 

higher temperature peak corresponded to melting of ice. The onset of ice melting was 

obtained from rapid increase in G'' and it was at approximately −20 °C. The glass transition 

temperature of maximally freeze-concentrated dough (Tg') was taken from the peak in G', 

occurring at −34 °C (Fig. 5, and also hinted at from G'' in Fig. 6). 
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Figure 5. The storage modulus (G') of frozen wheat dough (flour + water), as a function of 
temperature, as measured by DMA at 2.5, 5 and 10 Hz. The Tg' was obtained from the lower 
temperature peak in G', while the higher temperature peak corresponded to melting of ice. 
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Figure 6. The loss modulus (G'') of frozen wheat dough (flour + water), as a function of 
temperature, as measured by DMA at 2.5, 5 and 10 Hz. The Tg' was obtained from the slight 
peak in G''. 
 

The material showed similar response at other frequencies. Over the glass transition 

temperature range, a material becomes softened, and its ability to store energy is partially 

lost, resulting in a decrease in G'. In the present study, the glass transition appeared to be 

close to the onset of ice melting; thus, the glass transition almost coincided with the melting 

of ice (see dielectric study, Fig. 10). 

 

Räsänen et al. (1998) reported that the glass transition temperatures (Tg) of non-annealed 

frozen doughs were between −30 and −43.5 °C, depending on the flour used. Their doughs 

were stored one day at −20 °C, with probable ice melting. Thus, Räsänen et al. (1998) may 

have observed lower glass transition temperatures for frozen wheat doughs, because their 

samples were possibly not maximally freeze-concentrated. According to                    

Levine and Slade (1986, 1989) and Roos and Karel (1991d), the glass transition temperature 

of freeze-concentrated solutes decreases with decreasing extent of freeze-concentration. 

Moreover, the maximally freeze-concentrated state cannot be formed above Tm' (Roos, 1995). 

It should be noted that Levine and Slade (1986, 1988b) postulated that frozen foods are stable 
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at temperatures below Tg', and, therefore, the formation of the maximally freeze-concentrated 

state is preferred in frozen food storage.  

 

The glass transition temperature (Tg') was also suggested by the slight peak in tan δ at −29 °C 

(Fig. 7). The observed α-relaxation peak (or shoulder) in tan δ indicated a change in 

viscoelastic properties, and it has been used as an indicator of the glass-rubber transition in 

synthetic polymers (Shalaby, 1981; Gradin et al., 1989). This transition temperature was 5 °C 

higher than those found from the peaks in G' and G''. The difference in transition 

temperatures found between G', G'' and tan δ was in the same range as that reported by 

Hallberg and Chinachoti (1992) for wheat bread, Kalichevsky et al. (1992b) for gluten and 

emulsifiers, Kalichevsky and Blanshard (1993) for amylopectin and 25% fructose,         

Blond (1994) for 50% sucrose solution, and Nicholls et al. (1995) for wheat gluten, wheat 

starch, and waxy maize starch. 
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Figure 7. Tan δ of frozen wheat dough (flour + water), as a function of temperature, as 
measured by DMA at 2.5, 5 and 10 Hz. 
 

 



 

 38

Frozen dough is a very complicated system having several components and phases including, 

e.g., ice, unfrozen water, starch, gluten, and its glutenin and gliadin fractions. Gluten has a 

significant role in glass transition of dough (e.g. Nikolaidis and Labuza, 1996b). In general, 

gluten content of flour used in dough processing may affect the glass transition temperature 

of dough.  According to Slade et al. (1989), a higher gluten content manifested the Tg' of the 

“gluten” phase of the frozen dough, while doughs with lower gluten contents showed the Tg' 

of the overall dough. Moreover, gluten has lower Tg-values with different water contents than 

starch (Hoseney et al., 1986; Zeleznak and Hoseney, 1987; Kalichevsky et al., 1992c;   

Huang et al., 1996). Therefore, in the present study, gluten was the component which 

probably dominated the Tg' of the dough. 

 

Two broad, low temperature relaxations could also be observed (Fig. 7); a lower peak from 

−136 to −106 °C and a higher peak from −64 to −50 °C (Table 2 in II). The higher 

temperature peak may have corresponded to a β-relaxation, while the lower temperature peak 

has been taken to indicate a γ-relaxation (both relaxations were also observed in the dielectric 

study) (I). The magnitude of these transitions was much smaller than that of the Tg'. 

MacInnes (1993) reported that a very low temperature relaxation at −110 °C for sucrose 

solutions may be caused by numerous cracks that are formed when a sample is violently 

cooled to low temperatures. That does not explain the two low temperature relaxations 

observed in the present study. The secondary relaxation region (β and γ) results from motions 

within a polymer in the glassy state (Gradin et al., 1989; Kalichevsky et al., 1993a). In this 

state, the main chains of polymers are effectively frozen. These relaxations cannot be due to 

large-scale rearrangements of main polymer chains. Since the molecules of most amorphous 

polymers contain side-groups capable of undergoing hindered rotations independently of the 

chain backbone, secondary relaxations are often ascribed to such rotations                 

(McCrum et al., 1967). The lower temperature relaxation, γ, is also thought to involve         

so-called “crankshaft”-type motions (Boyer, 1963; Schatzki, 1965). In the present study, 

these relaxations occurred at a molecular level, and they were probably due to local-mode 

rotations of terminal groups or other side chains of gluten or starch. Similar conclusions 

about low temperature relaxations have been described by e.g. Ferry (1980) and            

Gradin et al. (1989). 

 



Thermal behavior of dehydrated doughs with different water contents was analyzed using

DMTA. Figure 8 shows typical changes in the dynamic-mechanical properties of the wheat

dough (flour and water) stored at aw of 0.225, as a function of temperature measured by

DMTA at 0.1, 1, and 5 Hz. A sharp drop in the G' could be observed depending on frequency.

This change in G' corresponded to the Tg of the material (Sperling, 1992).

As discussed before, at the glass transition, a material becomes softened and its ability to

store energy is partially lost resulting in a decrease in G'. The Tg was also frequency

dependent as shown in Figure 8. Dependence on frequency of the Tg is well known

(e.g. Sperling, 1992; Kalichevsky et al., 1993a), but its significance to dough rheology is

unclear.

30 40 50 60 70 80

11000

11100

11200

11300

11400

11500
G′

Tan delta

S
to

ra
ge

 M
od

ul
us

, G
' (

kP
a)

Temperature (°C)

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

5 Hz

1 Hz

0.1 Hz

Tg of 5 Hz = 55°C

Tg of 1 Hz = 53°C

Tg of 0.1 Hz = 52°C

 T
an delta

Figure 8. The storage modulus (G') and loss tan δ of the wheat dough (flour + water) stored at
aw of 0.225, as a function of temperature, as measured by DMTA at 0.1, 1, and 5 Hz. The Tg

was obtained from the onset temperature of the α-relaxation, which resulted in a sharp
decrease in G'. Sharp changes in the curves were due to manner of instrument to measure
each frequency for about 2 to 3 min and then changed to the next frequency during heating.
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Figure 9. Comparison of the glass transition temperatures (Tg), as a function of water content
(g H2O/100 g dry matter) for dough (flour + water) (• ), dough + sucrose (+),
dough + NaCl (∆), dough + sucrose + salt (Ο), dough + 1% WEA (♦ ), and
dough + 3% WEA (�), as measured by DMTA at 1 Hz.

The plastizing effect of water, observed from the decrease in Tg, was very clear as shown in

Figure 9. The Tg dropped 5-10 °C per 1% water (dm), which is typical of various food

materials (e.g. Levine and Slade, 1990b; Kalichevsky et al., 1992c;

Nikolaidis and Labuza, 1996a).

The Tg values decreased with increasing water contents of the samples at all frequencies

(Tables 2 and 3 in IV). Both water contents and Tg values of the samples agreed very well

with the results of Nikolaidis and Labuza (1996a) for cracker dough measured by DMTA

with a heating rate of 3 °C/min at 1Hz. Hoseney et al. (1986) and Noel et al. (1995) reported

higher Tg values for gluten and gluten proteins, respectively, than those observed in the

present study. Also, native and gelatinized starch had higher Tg values

(Zeleznak and Hoseney, 1987). It should be noted that all these prior studies were done by

DSC with a heating rate of 10 °C and Tg was taken from the midpoint of the glass transition.

It is well known that the faster heating rate and midpoint of the glass transition gives higher
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Tg values. Anyhow, it seems that the Tg of gluten dominated the glass transition of dough 

given the closest Tg values, as discussed before.  

 

A slight peak at −31 °C in the G'' at 0.5, 2.5, 5, and 10 Hz was obtained, when sucrose was 

added to the dough, which corresponded to the α-relaxation (glass transition) (Fig. 2 in II). 

This peak temperature was taken as the Tg'. This elevated effect of sucrose on the Tg' agreed 

with the results of Papageorgiou et al. (1994) for gellan-sucrose-corn syrup mixtures. There 

were also opposite results concerning the effects of sucrose on the Tg' of food materials 

(Kalichevsky et al., 1993b; Cherian et al., 1995; Fan et al., 1996). However, the onset 

temperature of the glass transition was lower than the peak temperature of the G'' maximum 

corresponding more closely to the DSC onset temperature of the Tg' of maximally freeze-

concentrated sucrose solutions of −46 °C (Roos and Karel, 1991d).  

 

Added sucrose decreased the onset of ice melting by 7 °C compared with the onset of ice 

melting of the plain dough (flour + water) and it was found at approximately −25 °C. This 

agreed well with the results of the present DSC study. The glass transition, as taken from the 

G'' peak, was even closer to the onset of the ice melting than in the plain dough and the glass 

transition almost coincided with the melting of ice. As also found for the plain dough, two 

wide low temperature relaxations could be observed; a lower peak occurring from            

−136 to −100 °C and a higher peak occurring from −91 to −70 °C (Table 2 in II). The higher 

temperature peak corresponded to the β-relaxation, while the lower temperature peak was 

identified as the γ-relaxation. 

 

Added sucrose decreased the Tg of the non-maximally freeze-concentrated dough with 

different water contents 5 to 10 °C, over the aw range of 0.113-0.753 (IV), in comparison with 

the plain dough, as shown in Figure 9. Corresponding results were obtained by            

Cherian et al. (1995) for wheat gluten films with added sucrose, and                    

Georget and Smith (1996) for wheat flakes with added fructose and sucrose. According to 

Levine and Slade (1988a) and Slade and Levine (1988) small molecular weight carbohydrates 

can plasticize food materials, resulting in a drop in Tg. The apparent Tg increased with 

increasing frequency, as observed for the plain dough. The Tg values decreased with 
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increasing water contents of the samples over the whole aw range at all frequencies, as shown 

in Tables 2 and 3 in  IV.  

 

A significant peak was observed at −31 °C in the G'' at 0.5, 2.5, 5, and 10 Hz and it 

corresponded to the α-relaxation (glass transition) (Fig. 4 in II). The effect of added NaCl for 

the Tg' of maximally freeze-concentrated dough, taken as the temperature of the G'' peak, was 

equal to the Tg' of dough with added sucrose. Thus, added NaCl increased Tg' of dough 2 °C, 

as compared with Tg' of plain dough. The increase in the Tg of polymers with addition of salts 

has been observed by a number of researchers. James et al. (1979) have found increases in the 

Tg of poly(propylene oxide) with the addition of cobalt chloride. Cowie and Martin (1987) 

have observed that with the addition of lithium perchlorate and LiT to poly(vinyl methyl 

ether). These researchers have reported that the elevation in Tg levels-off beyond a certain 

salt concentration. Moreover, Olsen and Koksbang (1996) showed that the Tg increased 

dramatically with increasing LiAsF6 concentration for propylene carbonate- and hybrid 

polymer electrolyte. 

 

The onset of ice melting was at −26 °C, as was found in the present DSC study. Two low 

temperature relaxations (β and γ) were also observed for doughs with added NaCl. The        

β-relaxation peak was very wide and it occurred from −102 to −40 °C and the γ-relaxation 

peak was observed from −141 to −108 °C (Table 2 in II). 

 

Added NaCl decreased the Tg of the non-maximally freeze-concentrated dough with different 

water contents 5 to 10 °C, over the aw range of 0.113-0.753, compared to the plain dough 

(Table 3 in IV). The effect of frequency on the Tg was clearly observed in doughs with added 

NaCl, with an increase in the Tg with increasing frequency. The Tg values were slightly 

higher than those in the doughs with added sucrose, however they were lower than those in 

the plain doughs over the whole aw range. Thus, added NaCl had a plasticization effect on the 

wheat dough. This was most likely due to the higher water contents of the dough samples 

with added NaCl as compared to the plain dough at the whole aw range (Table 2 in IV). 

 

Added sucrose-NaCl-mixture increased the Tg' of maximally freeze-concentrated dough by   

2 °C, as compared with Tg' of dough without added ingredients, and it was observed at      
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−31 °C. The elevated effect of added sucrose-NaCl-mixture on the Tg' of dough was equal to 

that found with added sucrose or NaCl separately, which was expected. The onset 

temperature of ice melting was found at −26 °C, which agreed with the present DSC study. 

Both low temperature relaxations (β and γ) occurred at decreased temperatures when 

compared with doughs with added sucrose and NaCl separately (Table 2 in II). 

 

The Tg values for the non-maximally freeze-concentrated dough with added sucrose and 

NaCl were intermediate, over the aw range of 0.113-0.753, as compared with doughs with 

added sucrose or NaCl separately (Table 3 in IV). At low and high water activities, the Tg 

was the same as in doughs with added sucrose. While the addition of sucrose had the 

plasticization effect on doughs decreasing the Tg, NaCl conversely increased the Tg. The Tg 

values of the doughs with added sucrose + NaCl decreased with increasing water contents of 

the samples over aw range of 0.113-0.753 at all frequencies, from 52 to −15 °C, from           

53 to −13 °C, and from 55 to −10 °C at 0.1, 1, and 5 Hz, respectively. 

 

Ascorbic acid has been widely used as an oxidant in the baking industry. Higher additions are 

recommended in frozen dough formulations, as oxidants to improve the structure and loaf 

volume of the baked goods, and to increase dough strength (Hsu et al., 1979; Stauffer, 1993). 

The present study showed that added ascorbic acid had no noticeable effects on the physical 

state of frozen doughs (I, II, III). The amount of ascorbic acid was probably too small to be 

affective. However, the amount of ascorbic acid used in the present study was approximately 

at the same level that is normally used in the frozen dough industry (e.g. Wood, 1985;    

Inoue and Bushuk, 1996; El-Hady et al., 1999).  

 

Added WEA (1%) increased the Tg' of maximally freeze-concentrated dough with different 

ingredients (Table 3 in V) when DMA was used. On the other hand, the Tg' decreased with 

increasing concentration (>1%) of WEA. Added WEA (>1%) increased the relative amount 

of unfrozen water in the concentrated matrix, and thereby the Tg' of the material decreased 

with increasing concentration (>1%) of WEA. Again, it should be noted that the unfrozen 

water data derived from DSC data in the present study should be considered only as relative, 

because the latent heats determined and the assumptions used in the calculations differ from 

absolute thermodynamic values.  

 



Addition of 1% of WEA decreased the Tg of different non-maximally freeze-concentrated

doughs at all frequencies and over the whole aw range used (IV). The decrease in the Tg was

approximately at the same level or lower than in doughs with other added ingredients.

Addition of 3% of WEA decreased the Tg giving the lowest Tg values of all doughs with or

without added ingredients. Doughs with WEA had a decrease in the Tg 10-15 °C compared to

the plain dough. Addition of 3% of WEA caused lower Tg values for dough than addition of

1% WEA, over whole aw range used, probably because of higher water contents in doughs

with 3% WEA (Tables 1 and 2 in IV).

5.1.3 Dielectric analysis

Phase and state transitions of wheat dough were studied by observing the permittivity, ε', the

loss factor, ε'', and the dissipation factor (tan δ) as functions of temperature. Figure 10 shows

typical changes in the dielectric properties of frozen plain dough (flour + water), as a function

of temperature.
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Figure 10. Tan δ of frozen wheat dough (flour + water), as a function of temperature, as
measured by DEA at 0.1, 0.5, 1, 20, 100 and 1000 Hz. The Tg' was obtained from the peaks in
tan δ.
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According to Wetton (1986) and Rotter and Ishida (1992), the DMA is about 1000 times 

more sensitive in observing thermal transitions than is DSC, but DEA is even more sensitive 

(compare Figs. 4, 7, and 10 in the present study). As illustrated in Figure 10, the melting of 

ice was observed more clearly than from the present DMA study, and ice melting occurred 

very abruptly at low frequencies (at 0.1, 0.5, and 1 Hz, –21, –24, and –24 °C, respectively). 

Also the ice melting peaks were shifted closer to 0 °C with increasing frequency. Melting of 

ice should have been independent of frequency, because it is a first-order transition. In the 

present study, the peak of the melting of ice was sensitive to frequency. On the other hand, 

the frequency independence of ice melting could be observed, when the sample was totally 

melted, as could also be seen in the data of Goff (1995). Melting point is also the highest 

temperature with ice and agrees with frequency independence of temperature. 

 

The glass transition temperature (Tg') could be observed only at low frequencies                   

(at 0.1 and 0.5 Hz, −33 and −25 °C, respectively), because at increasing frequencies, the glass 

transition coincided with melting. The glass transition was dependent on frequency, because 

the glass transition phenomenon is a second-order transition. Räsänen et el. (1998) found a 

much lower glass transition temperature for wheat dough measured by DETA. This was 

probably due to non-maximally freeze-concentrated samples, as was discussed earlier. The 

Tg' at 0.1 Hz agreed fairly well with the Tg' of –34 °C, as determined by DMA in the present 

study. Two low temperature relaxations could be observed, as also were founded in the 

present DMA study, with β-relaxation peaks from –85 to −30 °C and the γ-relaxation from    

–148 to −94 °C depending on frequency (Table 2 in III). The magnitude of these transitions 

was much smaller than that of the Tg'. The very close temperature correspondence between 

the mechanical and dielectric β- and γ- relaxation temperatures, on the other hand, reflects the 

short-range, localized motions underlying these relaxations (Ferry, 1980).  

 

Figure 11 shows the tan δ for the freeze-dried wheat dough stored at 75.3% RH, as a function 

of temperature, as measured by DEA at 0.1, 0.5, 1, 5, and 10 Hz. As shown in Figure 11, the 

α-relaxation (glass transition temperature) had peak temperature values of −11, −1, 5, 18, and 

23 °C, at 0.1, 0.5, 1, 5, and 10 Hz respectively, without the rapid increase in tan δ around  

−20 °C, which corresponded to the changes in dielectric properties resulting the melting of 

ice, in doughs with different ingredients (I, III).  
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Figure 11. Tan δ of the freeze-dried wheat dough stored at 75.3% RH, as a function of
temperature, as measured by DEA at 0.1, 0.5, 1, 5, and 10 Hz. The Tg' was obtained from the
peaks in tan δ.

Freeze-dried wheat dough stored at 75.3% RH had steady state water content of 17.5g

H2O/100g dry matter (VI). The glass transition temperature of −11 °C at 0.1 Hz was at the

same temperature range for plain dough (flour + water) stored at 75.3% RH, as measured by

DMTA at 0.1 Hz (IV). Figure 11 shows also low temperature β-relaxation peaks, in tan δ, of

−45, −34, −27, −18, and −12 °C, at 0.1, 0.5, 1, 5, and 10 Hz, respectively.

The α-relaxation peak, taken as the Tg', could be observed, when sucrose was added to the

dough, only at 0.1 Hz (–31 °C), and at increasing frequencies this transition coincided with

melting of ice (Fig. 2 in III). The α-relaxation peak or Tg' at 0.1 Hz as measured by DEA

agreed fairly well with the G'' peak or Tg' as determined by DMA for maximally freeze-

concentrated frozen wheat doughs. In the present study, the Tg' value of –31 °C at 0.1 Hz was

the same as was found earlier using DMA for maximally freeze-concentrated frozen wheat

dough with added sucrose. Added sucrose increased the Tg' by 2 °C at 0.1 Hz, which increase

in Tg' was found in the present DMA study.
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The onset melting of ice was extremely sharp at low frequencies; 0.1, 0.5, and 1 Hz,              

–24, –23, and –22 °C, respectively. The peaks of melting of ice moved closer to 0 °C with 

increasing frequency. The onset temperatures for ice melting at low frequencies were slightly 

higher than those for maximally freeze-concentrated wheat doughs with added sucrose when 

measured by DSC and DMA. Nevertheless, the onset temperatures of ice melting were lower 

than in the doughs without added sucrose, because of depressing effect of sucrose on the 

freezing temperature of water in foods (e.g. Levine and Slade, 1988b; Roos, 1995;     

Sahagian and Goff, 1996; Reid, 1997). 

 

Two low temperature relaxations could be observed, the peaks of β-relaxation from               

–82 to −29 °C and the γ-relaxation from –144 to −88 °C depending on frequency (Table 2 in 

III). The magnitude of these transitions was much smaller than that of the Tg'. 

 

Dielectric spectra for freeze-concentrated sucrose solutions with different concentrations 

measured at 0.1 Hz is shown in Figure 12. The temperature of the tan δ peak of the               

β-relaxation occurred above –140 °C and it increased with increasing frequency and 

decreased with increasing sucrose concentration at a constant frequency. The onset of the    

α-relaxation (glass transition) occurred above –60 °C and it was less dependent on 

concentration than β-relaxation. The α-relaxation coincided with the onset of ice melting 

which resulted in a rapid increase in tan δ. The onsets at 0.1 Hz agreed fairly well with the Tg' 

and Tm' of –46 and –34 °C, respectively, as determined for sucrose using DSC                

(Roos and Karel, 1991d). The glass transition temperature of sugars generally depends on the 

molecular weight. The flour used in the present study had a rather high maltose content, even 

though it decreased during dough mixing (I).  

 

 

 



-140 -120 -100 -80 -60 -40 -20

0.0

0.5

1.0

1.5

30 %

50 %

20 %

10 %

60 %

40 %
T

an
 d

el
ta

Temperature (°C)

Figure 12. Tan δ of the maximally freeze-concentrated sucrose solutions with different
concentrations, as a function of temperature, as measured by DEA at 0.1 Hz. The low
temperature β-relaxation, the Tg', and the ice melting were obtained from the peaks in tan δ,
respectively.

Molecules of most amorphous polymers contain side-groups capable of undergoing hindered

rotations independently of the chain backbone, and the secondary, β- and γ-relaxations, are

often ascribed to such rotations (McCrum, 1967). These relaxations occurred at molecular

level and they were probably due to local mode rotations of terminal groups or other side

chains of gluten, starch, sugar or other minor components, as discussed earlier.

Figure 13 shows a dramatic decrease in Tg' values of dough with added NaCl at low

frequencies (0.1, 0.5, and 1 Hz, –43, –34, and –31 °C, respectively). A number of studies

have observed an increase in the Tg of polymers with addition of salts using DSC

(e.g. James et al., 1979; Cowie and Martin, 1987; Olsen and Koksbang, 1996). Moreover,

added NaCl increased the Tg' of the frozen dough in the present DMA study. Anyhow,

dielectric analysis measures the conductivity or its ability to transfer electric charge in the

material. Thus, the addition of salts is well known to decrease the dielectric constant and

increase the conductivity in polymers (Cowie and Martin, 1987; Crose et al., 1993;

48



Chu and Luo, 1994; Barringer et al., 1995; Kim et al., 1995; Olsen and Koksbang, 1996).

Moreover, the Tg of polymers decreases with increasing conductivity.

As we discussed earlier, the Tg' at 0.1 Hz measured by DEA corresponded with the observed

Tg' measured by DMA. The α-relaxation peak reported as the Tg' for frozen wheat dough with

added NaCl was –31 °C, as measured by DMA. The relaxation peak, as measured by DEA,

shows the Tg' at 0.1 Hz at –43 °C. This indicates that the increased conductivity decreased the

Tg' value and the difference of the Tg' values between DMA and DEA measurements in the

present study was 12 °C. However, there is a minor possibility that the added NaCl remained

noncrystalline below its eutectic point (–21.6 °C). If this is true, the NaCl could significantly

decrease the transition temperatures of the unfrozen solute phase as well as broaden the

transitions. Therefore, in addition to possible changes in conductivity, the α-relaxation was

lowered especially at small frequencies.
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Figure 13. Tan δ of the frozen wheat dough with added NaCl, as a function of temperature, as
measured by DEA at 0.1, 0.5, 1, 20, 100 and 1000 Hz. The Tg' was obtained from the peaks in
tan δ.
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The melting of ice occurred (–30 °C) extremely sharply at 0.1, 0.5, and 1 Hz. The observed 

onset temperatures of ice melting at low frequencies were 4 °C lower than in maximally 

freeze-concentrated wheat doughs with added NaCl, as measured by DSC and DMA. This 

was probably due to DEA sensitivity to detect ice melting occurring at −30 °C, but DSC and 

DMA were not sensitive enough to detect melting of the first ice crystals. The peaks of        

β-relaxation occurred from –93 to −50 °C and the γ-relaxation from –140 to −86 °C 

depending on frequency (Table 2 in III). 

  

The Tg' was observed only at 0.1, 0.5, and 1 Hz at −37, −31, and −29 °C, respectively, 

because at increasing frequencies the α-relaxation coincided with melting of ice (Fig. 8 in 

III). The effect of added sucrose-NaCl-mixture on the Tg' of frozen doughs showed that while 

NaCl increased the conductivity and thereby decreased the Tg', sucrose probably reduced the 

conductivity of dough. Melting of ice started at −28 °C extremely sharply at 0.1, 0.5, and       

1 Hz and the peaks of melting of ice were moved closer to 0 °C with increasing frequency.  

 

The peaks of β-relaxation were observed from –94 to −50 °C and the γ-relaxation from          

–145 to −87 °C depending on frequency. Table 2 in IV shows that the β-relaxation 

temperatures were similar to those in dough with added NaCl, while γ-relaxation 

temperatures were similar to those in dough with added sucrose.  

 

Added ascorbic acid had no noticeable effects on the physical state of frozen doughs, as 

found using other techniques. 

 

The α-relaxation peaks, taken as the Tg', were apparent only at 0.1 and 0.5 Hz, at –30 and  

−23 °C, respectively. At increasing frequencies the glass transition coincided with melting of 

ice. As reported earlier, the α-relaxation peak in tan δ, taken as the Tg', as measured by DEA 

at 0.1 Hz agreed fairly well with the frequency independent (at all frequencies used)             

α-relaxation peak in G', taken as the Tg', as determined by DMA. Added WEA increased the 

Tg', at small frequencies, of dough with different ingredients (Table 4 in V). However, the Tg' 

of different doughs decreased with increasing WEA concentration (>1%). Added WEA 

increased the relative amount of unfrozen water in the freeze-concentrated matrix, and 
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thereby the Tg' of the material decreased with increasing concentration (>1%) of WEA, as 

discussed earlier. 

 

 

5.2 SUGAR COMPOSITION OF FLOUR AND MIXED DOUGH 

 

Natural sugar composition of flour and mixed dough was measured (I), because low 

molecular weight sugars may decrease the onset temperature of state transitions, such as glass 

transition. Amounts of fructose, glucose, sucrose, and maltose of the flour used were trace, 

0.08 ± 0.01, 0.22 ± 0.02, and 1.67 ± 0.02% of total flour, respectively, while the amount of 

those of the mixed dough were trace, 0.28 ± 0.01, 0.19 ± 0.01, and 1.20 ± 0.01% of total 

dough (±SD of at least triplicate injections of three replicate samples), respectively. 

Representative HPLC chromatograms for the flour used (a) and mixed dough (b) are shown 

in Figure 4 in I. Three other than sugar peaks could be found in the chromatograms of mixed 

dough, which were probably due to unknown compounds, such as other sugars or water 

soluble peptides. Fructose and glucose contents of the flour used were at the same level, 

sucrose content was much lower, and maltose content was rather high, as reported by 

Hoseney (1994). A major increase in glucose content and decrease in maltose content in 

mixed dough, compared to that in the flour, was possibly due to glucoamylase (in flour) 

activity during mixing of the dough. 

 

 

5.3 WATER SORPTION OF CEREAL MATERIALS AND DIFFERENT DOUGHS  

 

The water sorption isotherms were obtained for gluten, denatured gluten, starch, gelatinized 

starch, freeze-dried dough, and water extractable arabinoxylan (unpublished data) at           

24-25 °C (I, VI). Steady state water contents were achieved for all materials after 4-7 days of 

storage over the whole range of relative humidities (RH). Steady-state water contents were 

assumed after two consequent identical readings, as shown for gluten in Figure 14. Each data 

point is given as the average of three replicate samples.  
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Figure 14. Water adsorption of wheat gluten stored at various relative humidities (RH), as a 
function of storage time. 
 

Figure 15 shows a typical sigmoid-shaped (type II) isotherm for gluten, as expected for 

amorphous food materials. Both the BET and GAB isotherms could be used as a model for 

experimental data. The GAB model showed an extremely good fit to the experimental water 

sorption data over the whole aw range for all materials, while the BET model fitted the 

experimental data only between 0 and 0.4 aw (I, VI). 

 

This agreed with previous results for food systems of e.g. van den Berg and Bruin (1981), 

Roos (1993) and Lievonen et al. (1998). The experimental steady state water contents, over 

the whole aw range (0.113-0.843), are given in Table 1 in I and in Table 1 in VI. 
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Figure 15. Modified state diagram shows relationships between onset temperature of glass 
transition (Tg), water content, and water activity for wheat gluten, stored at 24-25 °C. 
 

The steady state water contents for gelatinized starch were somewhat higher than those for 

native starch over the whole aw range. According to Bell and Labuza (2000) a solid 

amorphous material, like gelatinized starch, holds more water than does a partially crystalline 

solid, like native starch. This is because the amorphous non-crystalline material can 

hydrogen-bond water internally, not just on the surface. There was no difference in steady 

state water contents between gluten and denatured gluten over the whole aw range. Steady 

state water contents of gluten and denatured gluten were at the same level or somewhat 

higher than those reported by Bushuk and Winkler (1957) and van Doore (1985), but lower 

than those reported by De Jong et al. (1996) for wheat gluten. Bushuk and Winkler (1957) 

also reported lower steady state water contents for native wheat starch than were found in the 

present study. In the present study, the steady state water contents of freeze-dried dough were 

higher than those reported by Nikolaidis and Labuza (1996a) for wheat dough and nearly the 

same or somewhat higher than those reported by Bushuk and Winkler (1957),                   

Gur-Arieh et al. (1965, 1967), and Ramanathan and Cenkowski (1995) for wheat flour. The 

BET monolayer values varied from 4.90 to 7.65 g H2O/100 g dm, whereas the GAB 

monolayer values were slightly higher (from 5.75 to 10.20 g H2O/100 g dm) (Table 2 in VI). 
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All these monolayer values were typical of cereal foods, as reported by                    

Lomauro et al. (1985b).  

 

The steady state water contents of doughs with different ingredients were determined 

according to AACC Method 44-15A (at 130 °C for 60 min) (IV). The steady state water 

content of the different dough samples at various water activities are given in Table 2 in IV.  

 

The steady state water contents varied from 1.73 to 10.40 g H2O/100 g dm over aw range of 

0.113-0.753 for plain dough (flour + water). Water contents in doughs with added sucrose 

were higher over the whole aw range when compared to the water contents of the plain dough. 

The higher water-binding capacity of dough with added sucrose was probably due to more 

OH-groups available for the same total weight of dry matter. Water contents of doughs with 

added NaCl were slightly higher than water contents of doughs with added sucrose. This was 

probably due to capability of NaCl to partially open the gluten network and, therefore, 

allowing more water to be adsorbed. Doughs with added sucrose + NaCl had the highest 

water contents among the doughs studied. These water contents were from                    

2.98 to 12.64 g H2O/100 g dm over the whole aw range (0.113-0.753). Although it is well 

known that pentosans have a high water-binding capacity (Kulp, 1968;                    

Jeleca and Hlynca, 1971; Kim and D’Appolonia, 1977). The results in Table 2 in IV show 

that an addition of 1% WEA (% of flour weight) did not increase the water sorption of the 

doughs over the aw range used. It may be assumed that either the amount of WEA was too 

small to increase the water-binding capacity of dough or the WBC Constant Dough 

Farinograph method for water binding capacity does not correspond to water sorption 

behavior at lower water activities. As shown in Table 2 in IV, the addition of 3% of WEA 

had water contents at the same level as doughs with added sucrose and NaCl.  

 

 

5.4 GLASS TRANSITION OF CEREAL MATERIALS 

 

Glass transition temperatures (Tg) were determined using DSC for gluten, denatured gluten, 

gelatinized starch (VI), and arabinoxylan (unpublished data) (Table 3). The plasticizing effect 

of water i.e., the Tg decrease with increasing water is shown in Figure 15 for gluten. A 

primary plasticizing effect of increasing water content at constant temperature leads to 
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increased segmental mobility of the chains in the amorphous regions of glassy polymers, 

which in turn produces a primary structural relaxation transition, Tg, at decreased temperature 

(Levine and Slade, 1988c). The decreases in Tg due to water plasticization were fairly linear 

as a function of water activity, over the intermediate aw range, as reported by Roos (1987) 

and Roos and Karel (1991a).  

 

Hoseney et al. (1986) reported very similar Tg values at water contents higher than                 

4 g/100 g dm for wheat gluten, whereas Doescher et al. (1987) reported slightly higher Tg 

values for gluten from hard and soft wheat flours. Cocero and Kokini (1991) and              

Noel et al. (1995) also reported very similar Tg values, over the whole aw range for wheat 

glutenin. Moreover, Zeleznak and Hoseney (1987) and Vodovotz and Chinachoti (1996) 

reported slightly lower Tg values than were found in the present study over the whole aw 

range for gelatinized wheat starch. 

 

 

6 CONCLUSIONS 

 

The present study showed that differential scanning calorimetry (DSC), as used in the present 

study, is ordinarily not sensitive enough to detect the glass transition or observe detailed 

information about phase and state transitions of frozen doughs, and therefore, complementary 

information of unfrozen phase relaxations and ice melting should be obtained by using, for 

example, dynamic-mechanical (thermal) analysis (DMA/DMTA), dielectric (thermal) 

analysis (DEA/DETA), and nuclear magnetic resonance spectroscopy (NMR). Dynamic-

mechanical thermal analysis was appropriate and sensitive enough to observe the                 

α-relaxation (glass transition) of all doughs studied. Moreover, this study showed clearly that 

dielectric analysis gave the most accurate information of the physical state of frozen doughs 

than did dynamic-mechanical analysis. Therefore, dielectric analysis seems to be one of the 

most sensitive techniques for measuring transformations occurring in frozen foods. A glass 

transition in frozen dough occurred below −30 °C, suggesting that common freezer 

temperatures would not support the glassy state of freeze-concentrated solids in frozen 

doughs during storage.  
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Added sucrose and NaCl decreased the onset temperature of ice melting and increased the 

total amount of unfrozen water. Moreover, the addition of sucrose did not affect the Tg' 

significantly. However, added NaCl decreased the Tg' and Tm' significantly, as measured by 

DEA. The decrease in Tg' was probably due to increasing conductivity in the frozen materials 

and depressed transition temperature of the unfrozen solute phase. Therefore, great care needs 

to be taken when interpreting results on highly conducting food systems, e.g., these with 

added NaCl. The decrease in Tm' was probably due to DEA sensitivity to detect the first 

melted ice crystals, when DSC and DMA were not sensitive enough. Added NaCl had the 

same depressing effect on low temperature relaxation. The DMTA study of effects of 

different ingredients on the Tg of wheat doughs confirmed that doughs were plasticized by 

water. The present study showed that added components may significantly alter frozen dough 

behavior and stability. Complementary techniques, such as DMA, DEA, in addition to DSC 

are required to observe effects of minor dough components on the thermal transitions. In 

particular, small differences in Tg' and Tm'.  

 

Pentosans, such as WEA, are particularly important in bread making because of their physical 

properties. They have many advantages in bread making, such as a proposed increase in 

volume, decrease in the rate of recrystallization of starch, and therefore, reduced staling rate 

of baked bread (e.g. Pence et al., 1950; Hoseney et al., 1969; Jelaca and Hlynka, 1972;     

Kim and D’Appolonia, 1977; Jankiewich and Michniewich, 1987; Michniewicz et al., 1992). 

However, the present study showed for the first time that arabinoxylans have also 

considerable effects on the phase and state transitions of wheat doughs. The addition of 

arabinoxylans decreased the onset temperature of ice melting and the relative amount of 

unfrozen water content with increasing arabinoxylans concentration in all doughs with added 

ingredients, as measured by DSC. Added arabinoxylans (1%) increased the Tg' of dough with 

different ingredients, when DMA or DEA was used. Addition of arabinoxylans may decrease 

the effect of lower molecular weight solutes shifting the transition to a higher temperature. 

On the other hand, the Tg' decreased with increasing concentration (>1%) of arabinoxylans. 

Added arabinoxylans (>1%) increased the relative amount of unfrozen water in the 

concentrated matrix, and, thereby, the Tg' of the material decreased with increasing 

concentration (>1%) of arabinoxylans. 
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Overall, when the water sorption isotherm and state diagram of various doughs, dough 

components, and ingredients are known, processing and environmental conditions during 

storage can be controlled. That gives a reduction in production costs and, of course, better 

quality of final product. Further studies to improve the present understanding about the phase 

and state transitions of frozen wheat doughs are needed. 
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