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Abstract. The objective of this work was to study the vacuum drying kinetics of untreated tomato slices. Drying behavior 
of tomato slices (Rio de Grande) with an initial moisture content of 93% (wet base) was investigated experimentally for 
different drying temperatures (70oC, 80oC and 90oC) in vacuum conditions (0.98 bar), and suitability of various drying 
models in defining the drying behavior of tomato slices was determined by statistical analysis. The slice thickness of 
tomato was taken as 5mm. The results of statistical analysis show that the most suitable model in defining the drying 
behavior of tomato slices is the Page model. Effective moisture diffusion coefficients were found to be 1.0321·10-6 m2/s, 
4.4486·10-7 m2/s and 5.8217·10-7 m2/s in the vacuum dryer respectively. Also, it was observed better results than color 
change at 90oC.  
Keywords:  tomato, vacuum drying, diffusion, color analysis 

 
1. INTRODUCTION 

There are a lot of methods to be able to 
preserve the agricultural products for a long period 
of time. Drying, cooling, processing with chemical 
substances can be listed among these techniques. 
Drying is the one whose application area is the 
largest one among these methods. Today, drying 
faces us in many fields as an application necessary 
to be made. Sometimes, drying is an obligation 
required for easy carrying. Some products can be 
sold after the moisture amount they contain in their 
structure is reduced to particular levels. 
Nevertheless, some other products are dried so that 
they can be stored easily and that they will not 
need cooling equipment during their transportation. 

The driers that dry by vacuuming have been 
developed in order to enable the products whose 
structure is deteriorated by being negatively 
affected by the conditions of high temperature to 
be dried quickly in lower temperatures. Due to the 
fact that the temperature applied in the vacuuming 
environment will be low, a hard crust will not be 
generated on the surface, and the moisture 
diffusion will continue without being prevented 
until the whole constitution of the product is dried 
[1]. 

Vacuum drying, which is an alternative method 
of drying, is an important method used for the food 
products dried in a long time particularly such as 
fruits.  The studies that have been made have 
demonstrated that this method shortens the period 

of the drying process to a great extent compared to 
the other methods. Vacuum enables the water that 
the food contains to be evaporated in the low 
temperatures more easily than the atmospheric 
conditions. What is more important is another issue 
which is the fact that oxidation reactions are 
decreased because there is no air in the 
environment during the removal of the water. The 
color, the structure and the aroma are preserved 
well in the products dried by vacuum driers [2]. 

In the literature, there are great deals of studies 
researching into the drying behavior of the food 
products empirically and numerically. Mushrooms 
and parsley [3], eggplants [4], carrot and pumpkin 
[5], garlic [6], beetroots [7], mint leaves [8], 
banana [9], white radish [10], tomato [11, 12]. 

The purpose in this study is to research on the 
quality of the tomato slices dried in the vacuum 
drier, and to develop the basic knowledge about 
the important parameters, and to make a 
description of the fact that the drying period 
decreases and the product quality increases in 
terms of the color. Moreover, another purpose in 
this study is to generate a control system that will 
decrease the energy cost of the drying period, 
increase the product quality and reduce the total 
drying period. Furthermore, it is to raise the 
relationship between the mathematical model and 
the real behavior to a better level, and to enable the 
dynamic behaviors of the dried tomato slices to be 
determined beforehand. In the definition of the 
drying of the tomatoes, which is one of the thin 
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layer drying models, the most favorable model has 
also been determined. 

2. MATERIAL AND METHOD 

In this study, Rio Grande kind of tomato, which 
is one of the standard paste tomato kinds whose 
production is made in Turkey, has been used. The 
tomatoes were bought from a local market where 
they had been stored at 4oC. Vacucell (-1bar) brand 
of a vacuum drier was used for the vacuum drying 
experiments. The pressure setting is controlled 
over the vacuum drier. 

The tomatoes were placed in the drier by being 
sliced in 5 mm without being subject to any pre-
treatment, and the drying process was realized in 
the required temperatures (70oC, 80oC, 90oC) and 
vacuum pressure (0.98 bar) [5]. Throughout the 
drying process, the weight of the product was 
determined in every half hour. The moisture losses 
that occurred throughout the experiments were 
measured by Presca XB 620M (±0.001g), 
(Switzerland) brand precision scale. When the 
moisture value reached the required moisture value 
(12% w.b.), the drying process was finished. After 
drying, the color parameters were determined by 
using a color measurement device in order to 
determine the color quality of the tomato slices. 
For each drying condition, the experiments were 
repeated three times both for the determination of 
the accuracy in the results, and to be able to keep 
the uncertainties at a minimum level, and the 
averages of the results were taken into 
consideration. Hunter Lab D25LT (USA) color 
measurement device was used in order to 
determine the color changes of the products that 
have been dried. 

 

2.1. Mathematical Modeling of the Drying 
Behavior 

Drying behaviors of the food substances are 
generally simulated by empirical and semi-
empirical models because of the complexness of 
the transport mechanisms [13]. For this purpose, 
the models which are frequently used have been 
given in Table I. Despite the fact that the empirical 
and semi-empirical models are less complex 
compared to the theoretical models, the fact that 
the parameters they contain are only related to the 
product, and the process that is dealt with prevents 
them to find a widespread usage area. 

Table I  
Empirical and semi-empirical models [14, 15] 

The model 
name Model equation 
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Modeling was realized by a non-linear 
regression analysis method. For this purpose, a 
code was prepared by using the FORTRAN 
program. The suitability of the model in expressing 
the empirical data was decided according to the 

value which the correlation coefficient received. 
Moreover, the standard error (es) and chi-square 
( 2) values were also estimated separately in order 
to determine the suitability of the model [15-18].  
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(2)

 
(3)

     
where mrpre,i is the ith predicted moisture ratio, 

mrexp,i is the ith experimental moisture ratio, no is 
the number of observations and nc is the number of 
coefficients in the drying model.

      The average defined as these magnitudes are 
defined as follows is the sum of the squares of the 
errors calculated by taking the moisture ratio and 
the moisture ratio belonging to the model as a 
basis. The better the suitability between the model 
results and the empirical data, the closer the 
correlation coefficient will be to 1 and the closer 
the standard error and the chi-square will be to 0. 

2.2. Diffusion model 

An equation expressing the average moisture 
content is needed in order to be able to obtain the 
drying curve. Therefore, the average moisture 
content that is calculated can be compared with the 
corresponding empirical results. Such an equation 
can be stated as follows [19]. 

 (4)

Here, m, mo, and me are the momentary, starting 
and balance moisture contents. However, V is the 
volume of the biological material that has been dried. 

In this type of dryings in which drying is made 
slowly, drying is essentially realized by diffusion. In 
this study, too, it has been accepted that drying in the 
vacuum drier has been realized by diffusion 
mechanism. As it is stated in the analysis section, the 
moisture transfer by diffusion is stated by the second 
Fick law. Again, as it is stated in the analysis section, 
the analytical solution of the second Fick law is 
known for certain simple geometries. The geometry 
of the tomato slices that have been dried in this study 
is similar to a cylinder. The analytical solution is 
known for the cylinder, as well, and it is as follows.  

(5)

      
This solution has been used so as to express the 

drying behavior of the products that have been taken 
into consideration in the vacuum drier. The semi 
length of the cylinder included in this equation l is, 
however, “R” is its radius. Throughout the drying 
period, a change has been at issue in the geometrical 
dimensions of the products as a result of the 
contraction. Therefore, mean values have been used 
for the half length and the radius included in this 
solution. 

Here “l” is the half length of the cylinder and 
m is defined as follows: 

 
(6)

m=1, 2, …                      
In most foods, moisture diffusion increases 

together with the increase in the drying temperature. 
Generally, Arrhenius type whose relationship of the 
diffusion coefficient with the heat is given below is a 
relationship [20]. 

 (7)

D: constant coefficient (m2 /s) 
E: activation energy (J/kg.mol.K) 
R: universal gas constant (8314 J/kg.mol.K) 
T: drying temperature (K) 
 

In order to reach its new location, a moving atom 
has to pass by compressing the atoms in the 
neighborhood. For this purpose, energy must be 
provided. It is obligatory to overcome the energy 
barrier in order to move into a new area. This energy 
is activation energy (E). In order to find the 
coefficient in the equation (Do), an exponential model 
of the curve was generated by the diffusion 
coefficients in each temperature and 1/T correlation. 
By means of the coefficients obtained from this 
model, the activation energy has been found. 

2.3. Color Analysis  

Color measurements are made in order to 
determine the effects of the drying conditions in 
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the drying process on the color of the biological 
material that has been dried. By means of the 
Spectrophotometer device, the CIE (Commission 
Internationale de I’Eclairage) L *, a*, b* color 
space coordinates of the tomatoes have been 
measured. The L* value represents the brightness, 
and it varies between 0 and 100. 0 represents 
blackness and 100 represents whiteness. a*  value 
represents redness and greenness, and it varies 
between -90 and +90 . -90 represents greenness 
and +90 represents redness.  b* represents blueness 
and yellowness, and varies between -90 and +90.       
-90 represents blueness and +90 represents 
yellowness. Apart from the L*, a* and b* 
coordinates, “C” value as the color density 
measurement derived from these values and the 
“H” value as the color tone measurement were 
calculated while comparing the colors of the 
tomatoes. The equations benefited while obtaining 
the C and H values have been stated below. 

 
(8)

 
(9)

 
(10)

 
(11)  

 
(12)

(13)

 

In the determination of the color change in the 
dried products compared to the fresh product, the 
total color deviation ( E), the color brightness 
deviation ( L), red color deviation ( a), yellow 
color deviation ( b) indexes have been used [21]. 

3. RESULTS AND DISCUSSION 

The tomato dried in different temperatures has 
been shown in Fig. 1. For each drying temperature, 
equilibrium moisture content has been determined. 

70°C, 80°C and 90°C temperatures and 0.98 bar 
vacuum application has been made in drying the 
tomatoes by means of vacuum drying method. The 
drying processes made at 90°C lasted shorter than the 
applications made at 70°C and 80°C as expected. 

In order to express the drying behavior of the 
tomato slices dried in the vacuum drier, the empirical 
and semi-empirical models given in the Table I have 
been used, and the suitability of these models has 
been given in Table II in accordance with the 
statistical analysis results that have been realized.  

For all the drying temperatures, the suitability 
of the Page et al. model with the empirical data has 
been demonstrated in Fig. 2. As it can also be seen 
from here, the suitability is in quite good levels. 
     The diffusion coefficient can be determined by 
taking the value which makes the sum of the 
squares of the errors between the experimental 
moisture ratios and theoretical moisture ratios 
minimum. The diffusion coefficient values 
determined in this way for various drying 
temperatures are shown in Table III. Also, the 
drying curves for tomato slices based on the 
diffusion model have been demonstrated in Fig. 3. 

 

Fig. 1. Experimental drying curves for tomato slices 
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Fig. 2. Drying curves for the tomato based on the Page model 

 

Fig. 3. The Drying curves for tomato slices based on the diffusion model 

 
Table II  

The suitability of the empirical and semi-empirical models for the tomato in vacuum drying 

Model Drying 
Temperature Constant r es 

2 

Midilli et al. 

70oC b=0.0100 n=1.0110 
k=0.2400  a= 1.0500 0.9818 0.1073 0.017260 

80oC b =0.0100 n=1.0100 
k=0.2300 a= 1.0520 0.9762 0.1165 0.024440 

90oC b=0.0160 n=1.0230 
k=0.3390 a= 1.1110 0.9770 0.1489 0.044353 

Two-term 

70oC k1=0.2000 k2=-0.0010 
a1=0.9000 a2=-0.0010 0.9884 0.1003 0.015079 

80oC k1=0.3000 k2=-0.0010 
a1=0.9200 a2=-0.0010 0.9655 0.1416 0.036080 

90oC k1=0.2500 k2=-0.0010 
a1=0.9000 a2=-0.0100 0.9892 0.1300 0.033816 
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Table II (continued) 
 

Model Drying 
Temperature Constant r es 2 

Henderson and 
Pabis 

70oC a=1.0580 k=0.2080 0.9868 0.0593 0.004214 
80oC a=1.0930 k=0.2590 0.9751 0.0771 0.007636 
90oC a=1.0980 k=0.3910 0.9752 0.0828 0.009139 

Geometric 
70oC a=0.3510 n=0.1510 0.6519 0.2609 0.081695 
80oC a=0.4610 n=0.1230 0.6753 0.2434 0.077413 
90oC a=0.2140 n=0.2220 0.7178 0.2721 0.098724 

Logistic 
70oC ao=1.5000 a=0.5010 k=0.3450 0.9982 0.0252 0.000845 
80oC ao=1.5860 a=0.5040 k=0.4410 0.9920 0.0441 0.002919 
90oC ao=1.5000 a=0.5000 k=0.6270 0.9914 0.0515 0.004235 

Wang and Singh 
70oC a=-0.1000 b=-0.0010 0.9922 0.0857 0.008822 
80oC a=-0.1000 b=-0.0020 0.9988 0.1867 0.044856 
90oC a=-0.1000 b=-0.0100 0.9728 0.3272 0.014277 

Newton 
70oC k=0.1920 0.9899 0.0673 0.004900 
80oC k=0.2310 0.9809 0.0851 0.008100 
90oC k=0.3480 0.9809 0.0875 0.008700 

Two-term 
exponential 

70oC a=0.0190 k=9.9280 0.9887 0.0709 0.006000 
80oC a=0.0210 k=9.9500 0.9824 0.0942 0.011400 
90oC a=0.0200 k=9.9970 0.9894 0.2000 0.053400 

Page 
70oC k=0.0930  n=1.4500 0.9994 0.0099 0.000104 
80oC k=0.0940 n=1.6010 0.9976 0.0254 0.000695 
90oC k=0.1080  n=1.865 0.9915 0.0829 0.007724 

Modified Page 
70oC k=0.1890  n=1.6000 0.9978 0.0251 0.000758 
80oC k=0.2328  n=1.6414 0.9950 0.0345 0.001533 
90oC k=0.3400  n=1.6200 0.9923 0.0455 0.002763 

Diffusion 
approach 

70oC b=0.0730 a=1.1520 k=0.1600 0.9946 0.0478 0.003051 
80oC b=0.1000 a=1.9000 k=0.1000 0.9978 0.0312 0.001461 
90oC b=0.0700 a=1.5000 k=0.1870 0.9903 0.0502 0.004042 

Logarithmic 
70oC k=0.2090 a0=0.2000 a=0.7010 0.9866 0.1491 0.029648 
80oC k=0.22800 a0=0.1400 a=0.7600 0.9816 0.1414 0.029984 
90oC k=0.3470 a0=0.1400 a=0.7520 0.9811 0.1546 0.038225 

Verma et al. 
70oC k=0.2000 a=0.8100 g=0.4000 0.9803 0.0840 0.009423 
80oC k=0.2060 a=1.0060 g=0.5060 0.9859 0.0961 0.013854 
90oC k=0.3060 a=1.0060 g=0.5060 0.9855 0.1017 0.016572 

 
 

Table III  
The diffusion coefficients for tomato in various drying temperatures  

D.T B Deff (m2/s) r es 2 
70oC 4730 0.103·10-5 0.9119 0.1170 0.01450 
80oC 5165 0.444·10-6 0.9243 0.1118 0.01355 
90oC 5070 0.582·10-6 0.9350 0.1059 0.01235 

D.T: drying temperature 
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Table IV  

Color parameters for tomatoes in vacuum drying [15] 

 L* a* b* C H a b L E 

Fresh 42.80.4 23.50.4 23.90.39 33.6 0.79     

Dried 

70oC 31.20.2 16.20.7 15.90.13 22.7 0.77 7.3 8.0 11.5 15.8 

80oC 30.40.1 15.10.4 16.50.46 22.4 0.82 8.4 7.4 12.3 16.7 

90oC 34.30.1 12.00.4 17.70.27 21.4 0.97 11.5 6.1 8.5 15.6 

The power represents standard deviation 
 

3.1. Color analysis results in vacuum drying  

10 times repeated color measurements are made 
in each experimental condition before and after 
drying in order to determine the color changes for 
the products dried in the vacuum drier. Arithmetic 
mean of the values obtained was taken and they 
were subject to evaluation. 

The color parameters (L*, a*, b*) of these 
products dried in the vacuum drier have been 
compared as it has been shown in Table IV. The 
color parameters of the products dried in the 
vacuum drier (0,98bar and 70oC, 80oC, 90oC) are 
compared with the color parameters of the fresh 
product, and the color changes are determined. The 
biggest loss of brightness ( L) for the brightness in 
drying tomato slices in the vacuum drier is at 80oC, 
the least loss is at 90oC as it is shown in Table IV. 

As it is seen from the results of these color 
parameters, it is seen that vacuum drying gives 
better results. The reason of this is that there is a 
longer drying process at lower temperatures and in 
the oxygen free environment. A more homogenous 
drying has been provided. As a result of the color 
analyses which are important quality criteria, it has 
been determined that working at 90oC and vacuum 
environment is more advantageous in terms of 
protecting brightness and color quality. 

4. CONCLUSION 

90oC is the most favorable one in terms of the 
tomato dried in vacuum drier. The color criteria 
assessments show that drying at 90oC produces the 
best brightness and yellowness parameters. The 

results of statistical analysis show that the most 
suitable model in defining the drying behavior of 
tomato slices is the Page model. Also, effective 
moisture diffusion coefficients were found to be 
1.0321·10-6, 4.4486·10-7 and 5.8217·10-7 m2/s in the 
vacuum dryer, respectively. 

NOMENCLATURE 

a drying constant 
a* redness and greenness 
b drying constant 
b* blueness and yellowness 
C color density 
es standard error 
E color deviation 
H color tone 
k drying coefficient (h-1) 
L brightness 
m moisture content (g water/g dry matter) 
mr dimensionless moisture ratio 
no number of observations 
nc number of constants in the drying model 
n exponent 
r correlation coefficient 
T temperature ( C) 
t time (h) 

2 mean squared deviation 
 
Subscripts 
e equilibrium condition 
o initial condition 
exp experimental 
pre predicted
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