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INTRODUCTION

Chicken sausage is one of  the most popular processed 
meats and  is consumed in many countries. This is due to 
the great nutritional value and a high level of polyunsatu-
rated fatty acids compared to red meat, which has a remark-
able effect on health [Khaksar et  al., 2010]. In  addition, 
poultry products are universally accepted, because they are 
not subject to cultural or religious constraints [Naveena 
et al., 2014].

Chicken sausage has to be cooked before being consumed 
to a  chief palatable, digestible and  safe product. Different 
processing methods are used in  usual household cooking 
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including grilling, roasting, microwave oven cooking, deep 
frying, conventional oven cooking and boiling [Alina et al., 
2012; Baggio & Bragagnolo, 2006; Juárez et al., 2010; Ser-
rano et al., 2007]. However, superheated steam may offer an 
alternative cooking method [Somjai et al., 2009]. The basic 
principle of this technique is the addition of sensible heat to 
the water; which leads to an increase in its temperature above 
the boiling point or saturation temperature at a given pres-
sure. This then leads to the production of superheated steam 
[Abdulhameed et al., 2014].

Heat treatment strongly affects the  texture, protein, 
and  other important quality factors, such as the  colour, 
flavour, and juiciness of the fi nal product [Ayadi et al., 2009; 
Wattanachant et  al., 2005]. Since texture is  considered to 
be  one of  the most important indicators of  food product 
quality, it  is  important to understand the  physical changes 
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of meat texture during heating. Protein denaturation reduces 
water holding capacity, shrinks muscle fibers, and causes con-
nective tissue degradation, subsequently leading to a harder 
texture [Ovissipour et al., 2013]. The denaturation of actin 
and myofi brillar proteins decreases tenderness, while the ge-
latinization of connective tissue makes the meat tender again 
[Sanghoon et al., 2011].

Moreover, the measurement of  colour in  cooked meat 
could provide credible information on eating quality attri-
butes. Various researchers have studied the  colour change 
during cooking [Ramírez & Cava, 2005; Ramı́rez et  al., 
2004]. Myoglobin protein is  the major heme pigment that 
is  responsible for meat colour, but there are other species 
which contribute to colour changes during processing such 
as deoxymyoglobin, oxymioglobin, metmyoglobin, and sulf-
myoglobin. It has been found that during the cooking process 
three forms of myoglobin interconvert through oxygenation, 
oxidation-reduction reactions, and the browning reactions in-
fl uence the fi nal appearance of meat colour [García-Segovia 
et al., 2007; Saricoban &Yilmaz, 2010].

One of  the  possible ways to control these alterations 
in  texture and  colour parameters during thermal treat-
ment of  food is by using a mathematical model. This may 
be achieved by assuming either zero or first-order kinetics 
[Jayendra Kumar et  al., 2006]. To achieve the maximum 
food quality with minimum losses during thermal treat-
ment, kinetic modeling is  essential to derive the necessary 
basic kinetic information for a particular system to predict 
the reaction rate from the experimental data and hence, to 
predict variations in food quality during processing [Jaiswal 
et  al., 2012; Rizvi & Tong, 1997]. A  considerable amount 
of researches have studied the kinetic changes in the texture 
and the colour during food processing. For instance, Chen 
et al. [2009] proposed the kinetics of texture changes of bo-
logna sausage during cooking. Texture characteristic values 
were signifi cantly affected by cooking conditions except for 
the adhesivenes. Statistical results showed that these kinetic 
models can be used (R2>0.92) for the prediction of Bologna 
sausage texture properties within the range of experimental 
cooking conditions. Nourian & Ramaswamy [2003] stud-
ied texture changes in  potato during frying and  cooking. 
They observed that the  texture characteristic values were 
increased with cooking time and  followed a fi rst order ki-
netic model. While, Ateba & Mittal [1994], suggested math-
ematical models describing kinetics of crust colour changes 
during deep-fat frying of meatballs. Crust colour decreased 
exponentially with frying time while total color change in-
creased and followed the fi rst order reaction.

Details on the  kinetic analysis of  the  texture and  co-
lour changes of  chicken sausage during superheated steam 
cooking have not been reported in  the  literature. Therefore, 
the present investigation was carried out to assess the textural 
and  colour changes in  chicken sausage during superheated 
steam cooking over a  cooking temperature ranging from 
150 to 200°C and cooking time ranging from 2 to 6 min, in or-
der to determine the kinetic parameters in terms of reaction 
rate constant and activation energy.

MATERIAL AND METHODS

Sample preparation
Ready-to-cook commercial chicken cocktail sausage was 

supplied from a  local hypermarket. Each individual chicken 
sausage had approximately 58.14% moisture, 28.50% fat, 
6.46% protein, 2.34% ash, and carbohydrate 4.56%. The chick-
en cocktail sausage was packaged in 800-g polyethylene bags 
and was transported directly to the  laboratory. The chicken 
cocktail sausage was held under frozen conditions (-18  to 
-20°C) in a freezer. Then, chicken sausage was thawed at 4oC 
for 4 h until the cooking process [Muthia et al., 2010].

Superheated steam oven cooking
Each individual chicken sausage weighed approximately 

11 g and was cooked using the SHARP superheated steam 
oven (AX-1500) with different temperatures (150, 160, 
170, 180, 190, and  200°C). Treatment time varied between 
2  and  6 min. All experiments were carried out in  triplicate 
(n=3). The samples were withdrawn periodically and anal-
ysed for texture and colour.

Mathematical models and kinetic analysis
A general reaction rate expression for kinetics of quality 

changes in foods can be written as follows [Jayendra Kumar 
et al., 2006]. 

/ =    (1)

The order of the chemical reaction for texture and colour 
changes in chicken sausage is generally zero (Eq. 2) or fi rst 
(Eq. 4)

− =                     ( = 0) 
 

(2)

Eq. (2) could be integrated to obtain:

=  o –        (3)

− =                        ( = 1) 
(4)

At integration, it gets:

o

=  −  
(5)

In some cases (especially when the conventional first order 
model fails), the changes in quality parameters can be mod-
eled using a modified first-order model based on the chang-
es occurring between the  initial and  an equilibrium value 
(maximum or minimum) as follows (somtimes referred to as 
fractional conversion model). The rate constant is generally 
temperature dependent and the relationship can be quantifi ed 
by the Arrhenius equation as indicated below:
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=   ( − ) ( − 0)    (6)

= A o  [ − /  ]  (7)

The activation energy (Ea) and the preexponential factor 
(Ao) could be obtained through linear regression of logarithm 
of the rate constant vs. the inverse of temperature. A steeper 
slope indicates that the  reaction is more temperature sensi-
tive, in which small changes in temperature produce a  large 
change in rate constant. Again, when the rates decrease with 
temperature, a negative activation energy can arise from Eq. 
(7), in such cases, the negative sign in Eq. (7) is replaced with 
a positive sign and the associated activation energy must like-
wise be differentiated.

Root mean square percent (RMS %) was quantifi ed from 
the equation bellow: 

 (8)

where, Cexp and Ccal refer to experimental value and calculated 
value, respectively. Whereas, N refers to the number of experi-
ments.

RMS also known as the quadratic mean was calculated 
to evaluate the accuracy of  the fi tted model between values 
predicted by a model or an estimator and the values actually 
observed.

Texture analysis profi le
The texture profi le for the prepared chicken sausage was 

measured using a texture analyser (Model TA. XT. Plus Tex-
ture Analyzer, UK). The prepared sample was cut into uni-
form 1.5 cm pieces. The  texture profi le analysis (TPA) was 
carried out in  two compression cycles using a compression 
platen (SMS P/75) with a heavy duty platform with the fol-
lowing settings: load cell, 30 kg; return distance, 30 mm; re-
turn speed, 10 mm/s; contact force, 5 g; prefi xed strain, 75%; 
pre-test speed 2.0 mm/s; time between compressing cycles 
was 2 s. The texture analysis results were automatically per-
formed by texture exponent software (version 32 Stable Micro 
Systems Ltd.), and the following parameters were recorded: 
hardness, cohesiveness, springiness, gumminess and chewi-
ness. Hardness is the peak force (g) sensed on the fi rst curve 
cycle. Cohesiveness is the ratio of the area under the second 
curve to the area under the fi rst curve and relates to the sam-
ple strength of internal bonds. Springiness (mm) is the force 
at maximum compressing during the  second compression 
cycle. Gumminess is  hardness multiplied by  cohesiveness. 
Chewiness is gumminess multiplied by springiness [Briones-
-Labarca et al., 2012]. The texture profi le analyses were car-
ried out in triplicate for each sample.

Colour measurement
The  prepared chicken sausage was cut into uniform 

1.0  cm pieces. The  surface colour of  the  prepared chicken 
sausage was measured using a  colorimeter (Minolta Spec-
trophotometer CM-3500d, Osaka, Japan – Spectra Magic 
3.61 software) with zero calibration. Then, it was calibrated 

with white calibration plate (CM-A120). The  parameters 
measured in  this analysis were L*, a* and b*. The L* value 
represents lightness and  is  a measure of  the  light intensity 
of a sample (L=100 is the lightest and L=0 is the darkest); 
a* value or redness stands for the chromatic scale from green 
colour (negative a* value) to red colour (positive a* value); 
and b* value known as yellowness stands for the chromatic 
scale from blue colour (negative b* value) to yellow colour 
(positive b* value). Total colour differences () of  chicken 
sausage were calculated using the following equation: 

 (9)

The colour measurements were performed at room tem-
perature (20±2ºC) about 30 min after cooking processing.

Statistical analysis
Each experiment was done in  triplicate and average val-

ues were taken for the analysis. Two-way ANOVA was used 
to fi nd whether the effects of different cooking variables (time 
and temperature) of superheated steam oven and their inter-
actions on texture and colour characteristics of chicken sau-
sage were signifi cant (P<0.05). Kinetic data were analysed 
by regression analysis using MS Excel package.

RESULTS AND DISCUSSION

Kinetic data for texture during cooking conditions
Texture is  one of  the  most signifi cant quality con-

straints, which is essential for ensuring product acceptabil-
ity. According to De Man [1976], texture can be defi ned as 
‘‘the way in which the structural components of food could 
be arranged into micro and macrostructure and the external 
manifestations for that structure’’. The  experimental data 
of all texture characteristics parameters (hardness, springi-
ness, cohesiveness, gumminess, and  chewiness) at differ-
ent superheated steam cooking temperatures and times are 
shown in Table 1.

Among the  texture parameters which were tested, hard-
ness is the most important parameter to consumers as it de-
termines the commercial value of meat products [Nurul et al., 
2010]. Hardness can be related to the force necessary to break 
the food with the incisors during mastication. First order ki-
netic model (Eq. 5) was found to be appropriate for modeling 
the impact of cooking conditions on the changes in the hard-
ness of  the  chicken sausage. To calculate the  rate constant 
(k), ln Hardness/Hardnesso was plotted versus time at differ-
ent temperatures (Figure 1A). The resulting values of R2 were 
higher than 0.96 and the calculated k values were 0.04–0.09. 
It could be observed that the hardness decreased with both 
temperature and time. The initial hardness value was 5.69 kg 
and  this gradually decreased to 3.53  kg at 200°C (6 min). 
The  reduction in  the hardness value could be attributed to 
the softening in  the connective tissue caused by  the conver-
sion of collagen to gelatin which improved meat tenderness 
[Dhanapal et al., 2012; Kong et al., 2008; Murphy & Marks, 
2000]. Similarly García-Segovia [2008], also found that 
the  hardness value decreased as the  temperature and  time 
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increased due to starch gelatinization during the  cooking 
process. As well, chicken sausage with a high water content 
(>50%) had lower shear stress and hardness, this result was 
also confi rmed by Chang & Carpenter [1997].

To calculate the pre-exponential factor A0 and the activa-
tion energy (Ea) of the texture parameters, the values of (ln k) 
were plotted against (1/T) as presented in Figure 2. This fi g-
ure shows the Arrhenius plot for the  texture profi le in  tem-
peratures ranging from 150  to 200°C. It was observed that 
the values of (ln k) were increased with temperature for all tex-
ture parameters. From the straight line of this plot, the pre-ex-
ponential factor A0, the correlation coeffi cient R2, and the ac-
tivation energy (Ea) of the texture parameters were obtained. 
In which, the Ea and A0 were calculated from the slope and in-
tercept of the straight line, respectively. 

The values of A0 and Ea are shown in Table 2. As listed in this 
table, the activation energy was found to be 28.01 kJ/mol. Jay-
endra Kumar et al. [2006] observed that the activation energy 

of the hardness changes of the Gulabjamun ball during cook-
ing was 60.80 kJ/mol. In addition, Nourian & Ramaswamy 
[2003], found that the activation energy of hardness during 
frying of potato samples was 77.85 kJ/mol. The higher activa-
tion energy indicates that the hardness of  the sample is not 
much sensitive to variations in cooking temperature [Jaiswal 
et al., 2012]. Therefore, the lower activation energy obtained 
here indicated that the hardness of the chicken sausage sam-
ples was highly sensitive to changes in temperature.

The resultant value of R2 was about 0.96. The RMS calcu-
lated using Eq. (8) was 6.0, between the predicted and experi-
mental data were well within the  limit of experimental error 
(Table 2).

Figure 1B illustrates the changes in cohesiveness values 
during superheated steam cooking conditions. The cohesive-
ness values ranged from 0.90 to 0.71 (Table 1). It was found 
that there was a gradual decrease in the cohesiveness values 
with time in proportion to the cooking temperature. For such 

TABLE 1. Kinetic of texture changes for chicken sausage during superheated steam cooking.

Texture characteristics Temperature (°C)
Time (min)

0.00 2.00 3.00 4.00 5.00 6.00

Hardness (kg)1

150 5.69±0.08 5.19±0.09 5.10 ±0.09 4.90±0.09 4.86±0.09 4.69±0.05

160 5.69±0.08 5.12±0.05 4.90±0.02 4.86 ±0.03 4.49±0.01 4.30±0.16

170 5.69±0.08 4.92 ±0.14 4.87 ±0.19 4.19 ±0.13 3.96±0.15 3.86±0.14

180 5.69±0.08 4.88±0.01 4.84 ±0.6 4.06 ±0.06 3.76±0.03 3.67±0.07

190 5.69±0.08 4.87±0.04 4.82 ±0.03 4.42 ±0.07 3.68±0.09 3.47±0.03

200 5.69±0.09 4.85±0.05 4.82 ±0.02 4.06 ±0.05 3.94±0.05 3.53±0.002

Cohesiveness (ratio)1

150 0.90±0.09 0.85±0.01 0.82±0.04 0.80±0.07 0.79±0.002 0.76±0.04

160 0.90±0.09 0.83±0.05 0.82±0.04 0.80±0.08 0.77±0.01 0.73±0.06

170 0.90±0.09 0.81±0.003 0.81±0.01 0.79±0.03 0.76±0.02 0.72±0.03

180 0.90±0.09 0.80±0.01 0.77±0.03 0.76±0.04 0.73±0.01 0.72±0.008

190 0.90±0.09 0.80±0.06 0.79±0.01 0.75±0.05 0.72±0.01 0.71±0.01

200 0.90±0.09 0.77±0.06 0.74±0.07 0.74±0.06 0.71±0.08 0.71±0.01

Gumminess (kg)1

150 2.94 ±0.07 2.54±0.02 2.39±0.01 2.39±0.03 2.27±0.4 1.97±0.04

160 2.94 ±0.07 2.54±0.004 2.31±0.04 2.17±0.03 2.00±0.13 1.87±0.04

170 2.94 ±0.07 2.34±0.07 2.22±0.09 2.11±0.01 1.78±0.07 1.78±0.02

180 2.94 ±0.07 2.19±0.10 2.10±0.06 2.06±0.19 1.39±0.01 1.36±0.04

190 2.94 ±0.07 2.16±0.01 2.09±0.01 1.96±0.07 1.39±0.07 1.14±0.05

200 2.94 ±0.07 2.13±0.01 1.74±0.05 1.70±0.006 1.59±0.04 1.06±0.04

Chewiness (kg/mm)1

150 2.69±0.11 2.38±0.01 2.26±0.01 2.16±0.18 2.12±0.18 1.84±0.25

160 2.69±0.11 2.14±0.13 1.98±0.13 1.84±0.02 1.74±0.06 1.72±0.02

170 2.69±0.11 2.10±0.17 1.79±0.22 1.54±0.02 1.29±0.23 1.28±0.25

180 2.69±0.11 2.10±0.07 1.72±0.11 1.54±0.21 1.29±0.04 1.27±0.004

190 2.69±0.11 2.02±0.10 1.79±0.01 1.53±0.01 1.27±0.09 1.27±0.02

200 2.69±0.11 1.98±0.01 1.69±0.01 1.51±0.04 1.20±0.01 1.20±0.02

1Data are expressed as mean ± standard deviation, n=3.
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cases, the fi rst order kinetic reaction was found to be adequate 
for modeling the changes of this parameter during the cook-
ing process. The  R2 values ranged between 0.93  and  0.99, 
while the k values ranged from 0.02 to 0.06. The pre-exponen-
tial factor and the activation energy were calculated by plot-
ting ln k versus (1/T) as in Figure 2. The activation energy Ea 
was 26.76 kJ/mol, while R2 (0.98) and RMS (2.09) between 
the predicted and experimental data were well within the limit 
of experimental error (Table 2).

The  secondary parameters of  texture profi le gumminess 
and chewiness followed the same pattern as that of hardness 
and  cohesiveness as shown in  Figure 1C&D, respectively. 
It could be observed that the gumminess values which ranged 

from 2.94 to1.06 kg and chewiness values which ranged from 
2.69 to1.20 kg/mm were decreased with time in proportion to 
the  cooking temperature. A  correlation coeffi cient for both 
parameters were ranged from 0.95  to 0.99  and  the  k-value 
were 0.05–1.8  and  0.06-.017  respectively, thus confi rming 
the change of  these parameters to follow the fi rst order ki-
netic as assumed. Figure 2  shows the  exponential plot for 
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FIGURE 1. Changes in texture profi le of chicken sausage during superheated steam cooking at different time-temperature: (A) hardness; (B) cohesive-
ness; (C) gumminess; and (D) chewiness.
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FIGURE 2. Arrhenius plot of  the  rate constants for texture changes 
of chicken sausage during superheated steam cooking.

TABLE 2. Summary of texture kinetics of chicken sausage during super-
heated steam cooking.

Order 
of reaction Parameters Ea 

(kJ/mol) Ao R2 RMS 
(%)

First Hardness 28.01 127.74 0.96 6.0

First Cohesiveness 26.76 51.42 0.98 2.09

First Gumminess 32.97 692.76 0.99 6.38

First Chewiness 29.56 349.09 0.98 9.60
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gumminess and chewiness changes at different temperatures. 
The activation energy for the gumminess and chewiness were 
32.97 and 29.65 kJ/mol, respectively. The values of R2 (0.99) 
and RMS (6.38) between the predicted and experimental data 
for these parameters are given in Table 2. It was shown that 

the decrease in the texture parameters with time in proportion 
to the cooking temperature fi tted more with fi rst order kinetic, 
and this was in agreement with the study of Jayendra Kumar 
et al. [2006], in which they observed that the fi rst order reac-
tion was more fi tted to the reduction in texture parameters.

TABLE 3. ANOVA of factors affecting texture kinetics of chicken sausage.

Cooking variables df
Hardness Cohesiveness Chewiness Gumminess

SS Pr> F  SS Pr> F  SS Pr> F SS Pr> F

Independent:

Time (t) 4 15.16 *** 0.08 *** 5.67 *** 7.83 ***

Temperature (T) 5 6.73 *** 0.04 *** 4.49 *** 4.89 ***

Interaction t*T 20 2.63 *** 0.01 *** 0.55 *** 1.18 ***

***(P<0.001).

TABLE 4. Kinetic of colour changes for chicken sausage during superheated steam cooking.

Colour parameters Temperature (°C)
Time (min)

0.00 2.00 3.00 4.00 5.00 6.00

L*1 

150 66.44±0.03 66.39±0.07 66.30±0.41 66.25±0.28 66.15±0.16 66.08±0.02

160 66.44±0.03 66.30±0.15 65.82±0.03 65.51±0.08 65.38±0.23 65.25±0.40

170 66.44±0.03 66.35±0.24 65.77±0.57 65.74±0.81 65.24±0.37 65.16±0.36

180 66.44±0.03 66.35±0.82 65.77±0.42 65.74±0.42 65.24±0.36 65.16±0.51

190 66.44±0.03 66.07±0.18 65.29±0.23 64.73±0.92 63.88±0.1 63.46±0.13

200 66.44±0.03 63.81±0.14 62.56±0.38 60.74±0.13 59.99±0.21 58.96±0.16

a*1

150 8.82±0.18 8.99±0.13 9.32±0.01 9.30±0.09 9.48±0.27 9.79±0.18

160 8.82±0.18 8.97±0.18 9.11±0.25 9.70±0.1 9.71±0.1 9.93±0.6

170 8.82±0.18 9.06±0.05 9.34±0.3 9.83±0.25 9.98±0.7 10.33±0.21

180 8.82±0.18 9.17±0.01 9.79±0.29 10.19±0.4 10.68±0.5 11.53±0.5

190 8.82±0.18 9.96±0.07 10.37±0.37 11.30±0.28 11.90±0.07 12.14±0.11

200 8.82±0.18 10.16±0.67 10.45 ±0.29 11.45±0.66 11.83±0.09 12.48±0.11

b*1

150 16.03±0.4 16.37±0.06 16.45±0.22 16.87±0.17 16.93±0.16 17.21±0.22

160 16.03±0.4 16.33±0.29 16.56±0.07 16.96±0.09 17.01±0.40 17.17±0.48

170 16.03±0.4 16.45±0.17 16.90±0.31 17.23±0.23 17.67±0.16 18.39±0.44

180 16.03±0.4 16.60±0.31 17.66±0.39 17.78±55 18.62±0.27 19.52±0.66

190 16.03±0.4 17.54±0.14 18.31±0.1 19.05±0.17 19.70±0.27 20.22±0.15

200 16.03±0.4 18.19±0.43 18.68±0.21 20.06±0.55 20.93±0.22 21.04±0.17

E

150 0.00±0.02 0.38±0.08 0.66±0.04 0.98±0.16 1.15±0.14 1.56±0.05

160 0.00±0.02 0.36±0.15 0.86±0.03 1.58±0.13 1.69±0.10 1.98±0.12

170 0.00±0.02 0.49±0.02 1.21±0.05 1.71±0.10 2.33±0.21 3.08±0.22

180 0.00±0.02 0.76±0.11 2.21±0.05 2.80±0.06 4.08±0.15 5.32±0.36

190 0.00±0.02 2.78±0.04 4.02±0.09 5.29±0.03 6.69±0.04 8.18±0.14

200 0.00±0.02 3.65±0.04 4.97±0.17 7.45±0.07 9.71±0.02 9.71±0.06

1Data are expressed as mean± standard deviation, n=3.
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From the previous analysis of texture parameters, it was 
observed that the behaviour of all the texture parameters with 
temperature fi tted with the fi rst order reaction kinetic. Similar 
fi nding was also observed by Jayendra Kumar et al. [2006], 
in which they found that the fi rst order reaction was adapted 
to model the  reduction of  the  texture parameters with tem-
perature. 

The reduction in the texture parameters with cooking time 
and temperature might be due to an increase in the denatur-
ation of myosin and collagen as confi rmed by other research-
ers [García-Segovia et al., 2008; Khan et al., 2014]. According 
to Verlinden et al. [1995], the decrease in textural character-
istics during cooking resulted from a decrease in cell stiffness 
as the starch gelatinized and the cell wall bondings were weak-
ened. In addition, it was observed that there was a remark-
able reduction in the texture parameters after cooking due to 
the denaturation of proteins induced by cooking and also due 
to the uncoiling of polypeptide chains [Dhanapal et al., 2012].

An ANOVA of texture changes of chicken sausage as af-
fected by  the  cooking variables (time and  temperature) are 
presented in  Table  3. The  ANOVA analysis demonstrated 
that time and temperature had a significant influence on all 
the  texture parameters (P<0.001). As well as, their interac-
tions on the textural qualities of chicken sausage were highly 
significant (P< 0.001).

Kinetic data of colour parameters
The  experimental data of  all colour parameters L*, a*, 

b*and E at different superheated steam cooking tempera-
tures and  times are shown in Table 4. Colour measurement 
in cooked meat could provide reliable information about eat-
ing quality attributes [García-Segovia et al., 2007]. A higher 
L* value indicates a lighter colour, which is desirable in order 
to ensure that meat products will have high consumer accep-
tance [Resurreccion, 2004]. The changes of L* at six different 
temperatures were shown to follow the  fi rst-order reaction 
(n=1) as seen in Figure 3A. In this fi gure, ln L*/ Lo* were plot-
ted versus time at different temperatures to calculate the rate 
constant (k). The resultant R2 was higher than 0.9, while the 
k-values were from 9.42 to 0.02. Also, Jayendra Kumar et al. 
[2006] demonstrated that the fi rst order reaction was more 
appropriate to the decrease in lightness values. 

It could be seen that there was a gradual decrease in the L* 
value with temperature and time with an initial value of 66.44. 
This value then reached a minimum of 200oC (58.96). This 
might be due to the development of the Millard reaction dur-
ing cooking, in which the  rate of  this reaction depends on 
the  composition of  the  product and  the  chemical environ-
ment [Jayendra Kumar et  al., 2006; Ramírez et  al., 2005]. 
Figure 4 shows the Arrhenius plot for the colour properties 
of  the  tested samples during superheated steam cooking 
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FIGURE 3. Changes in the colour properties of chicken sausage during superheated steam cooking at different time-temperature: (A) is lightness (L*); 
(B) is redness (a*); (C) is yellowness (b*); and (D) is total colour differences (E).
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in the temperatures ranging from 150 to 200°C. It was found 
that the  lnk values were clearly increased with treatments 
temperature for all colour parameters. From the straight line 
of  this plot, the  pre-exponential factor Ao, the  correlation 
coeffi cient R2, and  the  activation energy (Ea) of  the  colour 
parameters were obtained. In which, the Ea values were also 
calculated from the slope of the straight line, while A0 values 
were also calculated from the intercept of the straight line as 
indicated in Table 5.

As shown in Table 5, the activation energy of the lightness 
(L*) was about 100.42 kJ/mol for the  investigated samples. 
This value was higher than the  activation energy during 
the  frying of  the  tofu samples (76.0  kJ/mol) [Baik & Mit-
tal, 2003], and meat balls (16.92 KJ/mol) [Ateba & Mittal, 
1994]. The higher activation energy here implies that the L* 
is not much sensitive to the temperatures changes. These dis-

crepancies in  the activation energies among various studies 
might be attributed to the differences in product composition, 
and cooking methods, as well as to the reaction that occurs 
during cooking. The R2 (0.97) and RMS (1.5) values were well 
within the limits of experimental error (Table 5), thus indicat-
ing the reliability of the model.

As indicated in Table 4, the a* increased with both tem-
perature and time with an initial value of 8.82 and the maxi-
mum reached 12.48  at 200°C at 6 min. Zero order kinetic 
model (n=0) was found to be more adequate for modeling 
the changes in the a* value of chicken sausage during cook-
ing with R2 being higher than 0.9, and with k value between 
0.01 and 0.05 (Figure 3B). Also, Chutintrasri & Noomhorm 
[2007] found that the zero order kinetic model described ad-
equately the increase in a* values with heat treatment.

Figure 4  shows the  Arrhenius plot of  rate constants 
for the change in a* during the  superheated steam cooking 
of chicken sausage in the examined temperatures. The resul-
tant values of R2 (0.97) and RMS (2.56) between the predicted 
and experimental data were well within the limit of experimen-
tal error (Table 5). The activation energy of the redness (a*) 
value was found to be 51.33 kJ/mol. This value was higher 
than the Ea value of colour changes in sesame seeds during 
roasting (25.4 kJ/mol) [Kahyaoglu & Kaya, 2006]. The high-
er Ea value in our study indicates that the a* of chicken sau-
sage was not so sensitive to temperature changes.

The yellowness (b*) data parameters fi tted into a zero or-
der equation (n=0) and plots were constructed (Figure 3C) 
to fi nd the  rate of  yellowness changes for chicken sausage 
during various time-temperature cooking. It  was observed 
(Table  4) that the  b* parameter followed the  same pattern 
as that of  the a* parameter. The  initial value of  the b* was 
16.03 and it increased to 21.04 at 200°C (6 min). The fi tting 
accuracy (R2 ) was found to be higher than 0.96 with k values 
ranging from 0.01 to 0.04 at all temperatures.

The Arrhenius plot of rate constant for the change in b* 
parameter of chicken sausage during cooking in the tempera-
ture range of 150–200 °C is shown in Figure 4. From the lin-
ear plot the pre-exponential factor Ao, R

2, and the Activation 
energy were obtained and  their values are listed in Table 5. 
The presented values of fi tting accuracy (R2 ) and  the RMS 
are indicative of the reliability of the kinetic model (Table 5). 
The  activation energy was 55.35  kJ/mol for the  changes 
in the b* value during time-temperature cooking, which was 
higher than the Ea (14.18 kJ/mol) obtained in another study 
[Kahyaoglu & Kaya, 2006].
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FIGURE 4. Arrhenius plot of  the  rate constants for colour changes 
of chicken sausage during superheated steam cooking.

TABLE 5. Summary of colour kinetics of chicken sausage during super-
heated steam cooking.

Order of
reaction

Colour
parameters

Ea
(kJ/mol) Ao R2 RMS

(%)

First L* 100.42 2.9*109 0.97 1.51

Zero a* 51.33 3.24*105 0.97 2.56

Zero b* 55.35 1.22*106 0.98 1.39

Modifi ed-
-First E 95.90 2.49*1010 0.98 1.14

TABLE 6. ANOVA of factors affecting colour kinetics of chicken sausage.

Cooking variables df
L* a* b* E

SS Pr> F SS Pr> F SS Pr> F SS Pr> F

Independent:

Time (t) 4 256.53 *** 28.87 *** 55.58 *** 143.23 ***

Temperature (T) 5 98.96 *** 77.63 *** 1.05.96 *** 431.06 ***

Interaction t*T 20 25 *** 6.08 *** 11.46 *** 44.92 ***

***(P<0.001).
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It could be seen that the changes in colour parameters (an 
increase in a*, b*, and a decrease in L* values) with an in-
crease in both time and temperature might be due to the pres-
ence of globin hemochrome implied by increasing the redness 
of muscles, in which the iron is in (Fe2+) form, and is normally 
dull red. Globin hemichrome with the iron in the ( Fe3+) form 
is  largely accountable for the  brown grey colour. The  bal-
ance between hemichromes and hemochromes is  infl uenced 
by the status of the meat before processing and other factors 
including, animal and maturity, species, and muscle type [La-
tif, 2010]. In another investigation, Osborn et al. [2003] found 
that metmyoglobin and ferrichemochrome could be reduced 
to form the oxymyoglobin pigment (which is responsible for 
the pink colour) under reducing conditions with enzymatic 
or non-enzymatic reactions. In addition, the presence of so-
dium chloride, phosphate, and  the  increase of  pH results 
in a decrease in lightness, and an increase in the pink colour 
of cooked meat [Ahn & Maurer, 1989; Brewer et al., 2001].

The  total color difference (E) determined using Eq.(9) 
was increased with the passage of time, and the changes were 
clearly temperature dependent. The maximum recorded values 
of E were in the range of 8.18–9.07. The increase in the total 
colour reflecting darkening of the crust could be attributed to 
the Maillard reaction. The changes of E at six different tem-
peratures were shown to follow the modifi ed fi rst-order reac-
tion as seen in Figure 3D. This behaviour is in agreament with 
the study of Nourian & Ramaswamy [2003], in which they 
found that the increase in E followed the modifi ed fi rst order 
reaction. From this fi gure, the fi tting accuracy (R2 ) was found 
to be higher than 0.92 with k values ranging from 0.027  to 
0.44 at all temperatures. The Arrhenius plot of E is shown 
in Figure 4, in which the pre-exponential factor Ao, fi tting ac-
curacy (R2), and the Activation energy Ea could be obtained 
and their values are listed in Table 5. In this table, the present-
ed values of fi tting accuracy (R2 ) and the RMS are indicative 
of the reliability of the kinetic model. The obtained activation 
energy was 95.91 kJ/mol for the changes in the E value dur-
ing time-temperature cooking. 

The ANOVA results for the different colour parameters 
of  chicken sausage as affected by  cooking variables (time 
and  temperature) and  their interaction are presented in Ta-
ble  6. It  was found that the  individual effects of  cooking 
temperature and time as well as their interaction on the co-

lour properties of  chicken sausage were highly significant 
(p<0.001).

Correlations between texture and colour parameters
The changes in terms of texture and colour of chicken sau-

sage effected by  the  superheated steam condition exhibited 
clear correlations. The correlation matrix is presented in Ta-
ble 7. It  shows that all texture parameters; hardness, cohe-
siveness, gumminess, and chewiness were directly correlated 
with lightness (L*, P<0.01), and negatively correlated with 
redness (a*), yellowness (b*), and  total colour differences 
(E). Thus, the  increasing surface darkening (or, browning) 
as reflected in the decreasing L* and increaseing in a*, b*, E 
values was accompanied by decrease in  the  texture param-
eters of the chicken sausages. Furthermore, it may be noted 
that the  a* value had higher correlations with texture than 
L* ,b*, and E, which suggests that a* alone could reliably 
be used to predict the  texture of superheated steam cooked 
chicken sausages.

CONCLUSIONS

The kinetics of texture and colour development of chick-
en sausage during superheated steam cooking was investi-
gated using the classical reaction order. The texture proper-
ties of  hardness, cohesiveness, gumminess, and  chewiness 
decreased with time and  temperature. These changes could 
be described by the fi rst-order reaction. The activation energy 
of the texture profi le of hardness, cohesiveness, gumminess, 
and chewiness, were 28.01, 26.76, 32.97, and 29.56 kJ/mol, 
respectively. The  lightness L* value of  the colour parameter 
decreased with time and temperature and followed the fi rst or-
der kinetic.The redness a* and yellowness b* values increased 
well and were fi tted by using the zero-order kinetic. The total 
colour differnce E increased and followed the modifi ed fi rst 
order kinetics. The activation energy of the colour parameters: 
L*, a*, b*, and E were 100.42, 51.33, 55.35, and 95.5 kJ/mol, 
respectively. The  activation energies of  the  texture param-
eters were lower than that of  the  colour parameters, which 
indicated that the texture parameters were subjected to more 
changes with the  cooking conditions. The  colour changes 
were signifi cantly correlated with the textural changes mainly 
the  increase in a* values exhibiting a high correlation coef-

TABLE 7. Correlations between colour and texture parameters of chicken sausage.

 Hardness Gumminess Chewiness Cohesiveness L* a* b* E

Hardness 1

Gumminess 0.90** 1.00**

Chewiness 0.94** 0.90** 1.00**

Cohesiveness 0.88** 0.94** 0.91** 1

L* 0.56** 0.7** 0.63** 0.64** 1

a* -0.83** -0.92** -0.83** -0.84** -0.81** 1

b* -0.78** -0.9** -0.83** -0.83** -0.82** 0.98** 1

E -0.75** -0.87** -0.75** -0.78** 0.89** 0.97** 0.98** 1

** Correlation is signifi cant at the level of (P<0.01).
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fi cient (0.83–0.92) with the decrease in  texture parameters. 
The results could potentially be used for predicting the quality 
change during superheated steam cooking of chicken sausage 
for optimum product quality.
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