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The aim of this study was to investigate the effects of salt on the kinetic parameters of thermal 
protein denaturation of egg constituents. Egg whites and yolks containing different quantities of 
added salt were analyzed using differential scanning calorimetry (DSC) and dynamic viscoelastic 
oscillatory measurements. DSC measurements revealed an increase in the denaturation temperatures 
of the second peaks of egg whites and yolks in the presence of elevated salt concentrations. Given 
that the activation energy values obtained from the kinetic analysis of egg proteins using dynamic 
DSC were comparable, we suggest that salt affects not the denaturation rate of the egg protein, 
but the temperature of denaturation. Dynamic viscoelastic oscillatory measurements revealed that 
the gel-point temperatures increased with increasing salt concentrations. The elevated gel-point 
temperatures coincided with the temperature of the maximum denaturation rate calculated using the 
kinetic parameters. 
Keywords: thermal protein denaturation, egg constituents, kinetic, differential scanning 

calorimetry, dynamic viscoelasticity 

1. Introduction 

Eggs are among the most common and versatile food 

ingredients, owing to their various functional properties 

resulting from each of the egg constituents, such as 

yolks and egg whites and its structures [1]. Several stud

ies have focused on changes in the physicochemical 

properties of egg constituents during heat treatment and 

these can be classified into two groups. One is the identi

fication of the denaturation temperature of egg proteins, 

which are the major components of the egg, using differ

ential scanning calorimetry (DSC) [2-9]. The other 

focuses on the study of fluctuations of the gel-point tem

perature and rheological properties using dynamic visco

elastic oscillatory measurements [ 10-13]. When heated, 

both egg whites and yolks undergo a continuous phase 

transition from liquid to semisolid, before finally reach

ing a solid state. Given the thermal sensitivity of eggs, 

great attention is given to the temperature of phase con

version. Moreover, since sucrose and salt are frequently 

added during processing of egg-containing food prod

ucts [2,9,11,14], many studies have investigated the com

bined effects of pH, sugar, and salt addition on the gell-

(Received 27 Oct. 2017: accepted 30 Jan. 2018) 

t Fax: +81-3-5463-0624, E-mail: fukuoka@kaiyodai.ac.jp 

ing properties of eggs. As a result of the addition of salt, 

the aggregation of ovalbumin (the major egg white pro

tein) was found to be significantly increased [9] and the 

denaturation temperatures of ovotransferrin (another 

egg white protein) and ovalbumin also increased [3,6]. 

Although several reports have discussed the effects of 

temperature on rheological properties, little attention 

has been paid to predicting changes in the physical prop

erties of egg constituents based on kinetic analysis. 

Since eggs are used for a variety of processed foods, the 

development of a kinetic model of thermal denaturation 

during thermal processing is an important challenge for 

the food industry. If the rate and temperature depen

dence of a reaction are known, the quality of the food 

during processing can be easily predicted and controlled. 

A study by van der Plancken et al. [7] established the 

kinetic models of egg white proteins and described the 

physicochemical properties (denaturation enthalpy, sur

face hydrophobicity, solubility, turbidity, and buried sulf

hydryl groups) by a first order fractional conversion 

model characterized by an end value of property at pro

longed heating. This report, however, overlooked the 

impact of thermal protein denaturation on qualities such 

as color (appearance) and viscoelastic property (tex

ture). We have reported previously on color change of 

eggs [15]. The physical properties of egg constituents 
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are strongly affected by the degree of protein denatur

ation and, for this reason, the prediction of protein dena

turation during heating is of fundamental importance. 

Moreover, the previous kinetic model did not consider 

the effect of added salt. To reliably predict the quality of 

egg products during heating, it is necessary to consider 

effects of the addition of salt on the denaturation rate 

constant. Furthermore, many food products are com

prised of multiple components and single purified prod

ucts are less common. From the perspective of practical 

applications, it is necessary to perform experiments 

using intact samples. 

In this study, we determined the kinetic parameters of 

thermal denaturation of intact egg constituents in the 

presence of salt by using the DSC dynamic method and 

investigated the effects of the addition of salt on the dena

turation rate constant. We also investigated dynamic vis

coelasticity, and attempted to predict the physical proper

ties of egg constituents based on thermal denaturation. 

2. Materials and methods 

2.1 Sample preparation 

Fresh eggs of white leghorn hens (scientific name) 

were used for each experiment. Eggs were opened manu

ally and the yolk and albumen were separated. After sep

aration, the vitelline membrane was removed and six of 

each component (whites and yolks) were mixed and 

homogenized by magnetic stirring at 5°C. The pH of the 

prepared egg white was 8.60±0.20. 

Egg whites originally contained 0.3 kg salt/100 kg 

sample and samples were prepared in the presence of 

0.3, 0.5, 1.0, and 1.5 kg salt/100 kg sample. Egg yolk 

samples were subjected to 10% (w /w) dilution with dis

tilled water prior to salt addition. After mixing well, sam

ples were prepared containing 0.5, 1.0, and 1.5 kg 

salt/100 kg sample of salt. The salt used was sodium 

chloride that was obtained from Wako Pure Chemical 

Industries Qapan). The concentration of sodium chloride 

in the samples was determined using a salinity concen

tration meter (SWC-501SA, SANYO Co., Japan). 

2.2 Differential scanning calorimetric 

measurement 

Each sample of approximately 16 mg was placed in an 

aluminum sample pan (KIT NO, 0219-0062) and each 

pan was hermetically sealed. Subsequently, the samples 

were heated from 25°C to ll0°C at different rates of heat

ing, described by /3 (/3=5, 7.5, 10, 12.5, and 15°C/min), 
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and measured using a DSC instrument (Pyrisl DSC, 

Perkin Elmer Inc., USA). An empty pan was used as a 

reference. 

2.3 Dynamic viscoelastic oscillatory 

measurements 

The dynamic viscoelastic behavior of egg yolks was 

measured at a temperature range of 25-95°C using a rhe

ometer (HAAKE MARS III; Thermo Fisher Scientific, 

USA). Samples containing different salt concentrations 

(0.5, 1.0, and 1.5 kg salt/100 kg sample) were analyzed, 

and a control with no added salt was used. A 0.5 mL sam

ple of each concentration was subjected to oscillatory 

measurements at a frequency of 0.5 Hz using a 35 mm 

parallel plate. The samples were heated at a rate of 

l.0°C /min using the Peltier plate of the rheometer. To 

prevent moisture loss during heating, dimethyl-polysi

loxane oil (Shinetsu Kohgyo Co., Japan) was added to 

the periphery of the measuring plate. 

2.4 Statistical analysis 

A one-way analysis of variance (ANOVA) for signifi

cant difference was carried out, and minimum signifi

cance was set at 5% (p<0.05) using the Bonferroni test 

by Ekuseru-Toukei 2012 (Social Survey Research 

Information Co., Ltd.). 

2.5 Theory of kinetics of thermal protein 

denaturation 

When the thermal denaturation rate of a protein is 

assumed to be proportional to the concentration of non

denatured protein, the reaction kinetics equation is [16]: 

dC =-kC 
dt (1) 

where k is the rate constant of the reaction, C is the con

centration of non-denatured protein, and t is time. Eq. 

(1) is a first-order reaction that is then represented in 

Eq. (2). 

!!__ ( s;__J = dX = -k(T)X 
dt l C0 dt 

(2) 

where C0 and C1 are the concentration of non-denatured 

protein at the initial state and at time t and X represents 

C1/ C0 as the non-denaturation ratio, which is a dimen

sionless variable. The temperature dependence of the 

reaction rate constant k is represented by the Arrhenius 

equation: 

k=Zexp (- ;; ) (3) 

where Z is the pre-exponential factor of the Arrhenius 
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equation, Ea is the activation energy, R is the universal 

gas constant, and Tis the temperature. 

3. Results and Discussion 

3.1 Effect of NaCl on denaturation 

temperatures 

Figure 1 shows a typical DSC curve for egg constitu

ents at a heating rate of 15°C/min. The egg white sample 

had two endothermic peaks. From published literature 

[2, 91, the first peak corresponded to ovotransferrin and 

the second peak corresponded to ovalbumin. Several fac

tors, such as pH and the presence of salt or sucrose, are 

known to affect denaturation temperatures [14]. For 

example, when the salt concentration is higher, the dena

turation temperatures of ovotransferrin and ovalbumin 

are increased [3, 6]. In our experiment, we were not able 

to investigate salinity dependence of the first peak, 

because the first peak temperature was too similar to the 

second. Only the second peak of egg whites showed salt 

concentration dependence, probably because our experi

ments were not performed using purified proteins. Since 

we used intact samples, the protein concentration in egg 

whites was likely lower than in purified samples. 

Interestingly, the egg yolk sample showed the peak maxi

mum temperature of~85°C and our data were similar to 

those of Huang et al. [5]. As in the second peak of the 

egg white sample, when the salt concentration was 

higher, the peak temperature of the egg yolk sample was 

higher. We were unable to identify the protein detected 

by DSC, however, because egg yolks are characterized 

by a complicated structure that include low-density lipo

proteins and five kinds of conjugated proteins solubilized 

in a mixture of water and lipids [17]. Additionally, when 
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UJ 
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60 70 
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80 

·• ...... . 

90 

the heating rate increased, the peak temperature of all 

samples increased. 

3.2 Kinetic parameters of protein 

denaturation obtained by Differential 

scanning calorimetry dynamic method 

The kinetic analysis of egg proteins during heating 

cannot be performed without the pre-exponential factor 

(Z) and the activation energy (Ea) values. These 

Arrhenius parameters were estimated using the Ozawa 

method, wherein DSC analysis was performed under 

non-isothermal conditions [18]. The observed relation

ship between the heating rate /3 and T max during DSC 

can be demonstrated using the following equation: 

In -- =ln - - --( /J J ( ZR J ( Ea J 
TmJ Ea RT max 

(4) 

With the increase in the heating rate of the scans, the 

Tmax values were observed to shift to higher tempera

tures. Subsequently, -ln (/31Tmax2
) was plotted against 

1/Tmax, according to Eq. (4), in an Ozawa plot. The plots 

were linear (0.966;:a;r2;:a;0.996) as shown in Fig. 2, and the 

slopes and intercepts were used to calculate the 

Arrhenius parameters of each salt concentration. For 

cured pork meat, Kajitani et al. [19] reported on depen

dence of the protein denaturation rate constant on salt 

concentrations. The activation energy of our samples was 

almost the same as that of cured pork samples, including 

salt ranges from 2-20 mg/g. Thus, using the averaged 

activation energy, the empirical equation was repre

sented as the salt concentration dependence of the pre

exponential factor in the Arrhenius equation and the 

denaturation rate constant at arbitrary temperatures 

could be predicted. In our experiment, we assumed that 

activation energy was independent of salt concentration 

(B) t l.OmW 

50 60 70 80 90 100 

Temperature (°C) 

Fig. 1 Differential scanning calorimetry thermogram of egg samples at a heating rate of 15°C /min. (A) the 

thermograms show the concentration of sodium chloride of 0.3 and 1.5 kg salt/100 kg sample of egg white, 

(B) the thermograms show the concentration of sodium chloride of 0.0 and 1.5 kg salt/100 kg sample of yolk. 
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Fig. 2 Ozawa plots of egg yolk (A), egg white (peakl) (B), and 

egg white (peak2) (C) with varied concentrations of sodium 

chloride. 

because the activation energy was approximately equal 

for all salt concentrations. The pre-exponential factor of 

each salt concentration was then calculated using the 

average of the activation energies. Tables 1 and 2 show 

the kinetic parameters of each salt concentration calcu-
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lated in our experiment. In addition, the relationship 

between the salt concentration and the pre-exponential 

factor were shown in Fig. 3. For yolks and the second 

peak of egg whites, the pre-exponential factor may be 

influenced by the salt concentration. Accordingly, we 

obtained the following empirical equations for yolks and 

the second peak of egg whites, as shown in Fig. 3. 

For yolks: 

y=l.76Xl0
59

X
2
-l.53Xl0

60
x+5.06Xl0

60 
(x:S:1.5) (5) 

For the second peak of egg whites, 

Y = -9.90 X 10
49

X + 2.74 Xl050 (0.3 :S: X :S: 3.5) (6) 

where x is the salt concentration (kg salt/100 kg sam

ple), andy is the pre-exponential factor (Z, min-1
). 

The pre-exponential factor of the first peak of egg 

whites exhibited an irregularly fluctuating behavior with 
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Fig. 3 The relationship between the pre-exponential factor, 

Z, and the sodium chloride concentration of egg yolk 

(A), and egg white (B). For the egg white (B), (O) and 

(e) corresponds to the first peak and the second peak, 

respectively. The solid line represents an empirical equation, 

Eq. (5) and (6). The dotted line represents the average Z 

value for the first peak of egg white. 
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Table 1 Kinetic parameters for each salt concentration used in egg white samples. The activation energy value 
was averaged for all salt concentrations. 

Concentration of sodium chloride (kg salt/1OO kg sample) 

0.3 0.5 1.0 1.5 3.5 

Peak 1 
E.*(kJ/mol) 390.6±36.3 

Z (1/min) 3.6lx1060 3.1lxl060 2.79X1O60 3.72xlO60 3.3lxl060 

egg white 

Peak2 
Ea* (kJ/mol) 407.9±20.0 

Z (1/min) 4.85x1060 4.13x1060 3.5Ox1060 3.36x1060 1.83xlO60 

*Mean±standard deviation of Ea 

Table 2 Kinetic parameters for each salt concentration used in egg yolk samples. The activation energy value was 
averaged for all salt concentrations. 

Concentration of sodium chloride (kg salt/1OO kg sample) 

0.0 0.5 1.0 1.5 

340.5±12.2 E.* (kJ/mol) 

Z (1/min) 2.72x 1050 2.3OxlO50 1.7Ox1050 1.27x1050 

*Mean±standard deviation of Ea 

changes in salt concentration as shown in Fig. 3(B). It 

was difficult to represent salt concentration dependence. 

Thus, assuming that the pre-exponential factor was inde

pendent of the salt concentration, the following average 

value (average Z=3.31 x 1060
) was calculated using all pre

exponential factors with varied salt concentrations. 

Regarding protein denaturation kinetics using the DSC 

dynamic method, beef [20,21], pork [19], and fish sam

ples [22-23] were reported. Given that the calculated 

value in our study was similar to more than one other ref

erence [22-23], the calculated parameter is likely appli

cable for the prediction of the denaturation rate of egg 

proteins. Thus, the activation energy and the pre-expo

nential factor were determined and the protein kinetics 

of thermal denaturation at an arbitrary temperature 

could be calculated according to Eqs. (2) and (3) with 

Eq. (6), and averageZ-

Figure 4(A) shows the calculated changes in the non

denaturation ratio of egg white samples during heating 

from 25°C to ll0°C at a heating rate of lO"C/min. Peak I 

began to denature at approximately 55°C. Peak II did not 

undergo denaturation until the denaturation of peak I 

was complete, even at temperatures close to 72°C. When 

the course of protein denaturation was differentiated 

according to time, the inflection point that corresponded 

to the peak temperature for the DSC measurements 

could be obtained. Figure 4(B) shows the inflection point 

for each salt concentration. These values were nearly 

equal to the T max value obtained by DSC; thus, we consid

ered the kinetic parameters determined using the DSC 

dynamic method to be reliable. Figure 5 shows the dena-
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Fig. 4 Calculation results of egg whites. (A) Calculated changes 

of the non-denaturation ratio during heat-scanning at l0°C / 

min. (B) When the time course of protein denaturation was 

differentiated with time, the inflection point corresponding 

to the peak temperature in DSC measurement could be 

obtained. 

turation behavior of the egg yolk during heating from 

25°C to 110°C at a heating rate of l0°C/min. Figure 5(A) 

depicts how the proteins of the egg yolk began to dena

ture at approximately 70°C and that denaturation was 

completed at-90°C. Moreover, when the salt concentra-
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Fig. 5 Calculation results of yolks: (A) calculated changes of the non-denaturation ratio during heat-scanning at 

10°C /min, (B) when the time course of protein denaturation was differentiated with time, the inflection point 

corresponding to the peak temperature in DSC measurement could be obtained. 

tion was higher, the denaturation temperature of egg 

yolks and the second peak of egg whites increased. In 

addition, Fig. 4(B) and Fig. 5(B) show that the fastest 

rate of protein denaturation was the same and the simi

larity in the relationship between the changes does not 

depend on salt concentration. Thus, we think that the 

addition of salt increased the denaturation temperature, 

but had no significant effect on the rate of denaturation. 

Moreover, we have shown that the degree of protein 

denaturation can be controlled by modulating salt con

centrations and heat-treatments. 

3.3 Relationship between dynamic 

viscoelasticity and protein denaturation 

during temperature scanning 

Figure 6 represents typical changes in the storage 
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Fig. 6 Comparison of the changes in storage modulus, loss 

modulus, and prediction of the non-denaturation ratio of yolk 
with no added salt upon heating from 25-95°C at a heating 

rate of l.0°C /min. 
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modulus G' and the loss modulus G" of egg yolk without 

salt and with temperature scanning (over 25-95°C) at a 

rate of l.0°C/min. The relationship between G', G", and 

temperature can be classified into three stages. In the 

first stage (25-65°C), because G" was higher than G', the 

sample was more viscous than elastic. Subsequently, 

both values increased markedly (65-80°C), until G' 

exceeded G" at 70.8°C. Finally, G" exceeded G', and the 

property of the yolk became elastic. When the tempera

ture reached 80°C, both values reached equilibrium. This 

pattern was similar in the samples that contained salt. 

Table 3 shows the gel-point temperature based on the 

values measured for each salt concentration. The gel

point temperature was determined as the G'-G" cross

over point [24]. Table 3 suggests that the addition of salt 

was effective in delaying gelling because the gel-point 

temperature was significantly elevated with increasing 

salt concentrations (p<0.05). Raikos et al. [11] measured 

the gelling point of intact yolk using a rheometer. The 

Table 3 Relations between salt concentration and gel-point 

temperature in egg yolk samples analyzed by dynamic 

viscoelastic oscillatory measurements. 

Concentration of sodium chloride 
(kg salt/100 kg sample) 

0.0 

0.5 

1.0 

1.5 

Gel-point (°C) 

70.5 ± 0.29" 

71.7 ± 0.19b 

72.6 ± 0.30c 

73.7 ± 0.32d 

Each value is the mean±standard deviation. Different letters in 
the same row indicate significant difference between means (P< 
0.05). 
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gelling temperature of the sample in the absence of salt 

was 72.3±0.18°C and was approximately equal to that 

found in our experiment (70.5±0.29°C). The change in 

temperature range undergone by G' and G" was remark

ably similar to the denaturation temperature found for 

the egg yolk samples; after proteins denatured com

pletely, both values reached equilibrium values (Fig. 6). 

These results suggest a close relationship between the 

degree of protein denaturation and rheological proper

ties. Moreover, the temperature at which the rate of pro

tein denaturation was the fastest is 71.2°C and was found 

to be approximately equal to the gel-point temperature 

(70.5±0.29°C). In the case of an egg white sample with 

no added salt, the temperature of the fastest rate of dena

turation of peak II was 76.5°C, which was calculated at a 

heating rate of l.0°C /min using the kinetic parameters 

shown in Table 1. This calculated temperature was 

almost the same as the gel-point temperature measured 

by Raikos et al. [11]. In a previous study [25], we pro-

2. In the case of yolks and the second peak of egg whites, 

when the salt concentration increased, the pre-exponen

tial factor was higher and could be represented with an 

empirical equation; 

3. From prediction results, we think that the addition of 

salt increased the denaturation temperature, but had no 

effect on the rate of protein denaturation; 

4. In case of the yolk and the second peak of egg whites, 

because the gel-point temperature and the temperature 

of the maximum denaturation rate were approximately 

the same, the phase conversion could be predicted based 

on the rate of denaturation of proteins. 

Our work suggests that the prediction of protein dena-

turation using kinetic parameters is a valuable tool to 

estimate the rheological properties of a wide range of 

egg constituents. 

NOMENCLATURE 

posed that the new empirical model could predict the vis- C : concentration of non-denatured protein, mol·g-1 

cosity of expressible water in meat, based on the dena

turation kinetics of water-soluble proteins combined 

with Andrade's equation. Although the previous model 

focused on the change in viscosity during heating, the 

prediction of phase conversion was not taken into 

account. Given the extensive use of egg-containing food 

products in the food industry, not only the change of pro

tein denaturation ratio, but also predictions of phase con

version are highly important. In this study, in the case of 

yolks and the second peak of egg whites, we found that 

the gel-point temperature and the temperature of the 

maximum denaturation rate were approximately the 

same and we could predict the phase conversion based 

on the rate of protein denaturation. We think that the pre

diction of protein denaturation using kinetic parameters 

is essential to estimate rheological properties. 

4. Conclusions 

We determined the kinetic parameters of the thermal 

denaturation of egg constituents, which were separated 

into egg whites and yolks, in the presence of salt, using 

the DSC dynamic method. In addition, we verified the 

correlation between protein denaturation and change of 

property based on dynamic viscoelasticity. 

1. We assumed that the activation energy was indepen

dent of the salt concentration and the pre-exponential 

factor of each salt concentration was calculated using the 

average activation energy; 

C0 : initial concentration of non-denatured protein, 

mol·g-1 

Ct : concentration of non-denatured protein at time t, 
mol·g-1 

Ea : activation energy in the Arrhenius equation, 

kJ·mor1 

k : rate constant of the reaction, min -l 

R : gas constant, kJ·mor1 

T : temperature, °C 

T max : maximum peak temperature, °C 

X : non-denaturation ratio, -

Z : pre-exponential factor in the Arrhenius equation, 

min-1 

/3 : heating rate, °C ·min-1 
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