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Abstract  
 
Dehydration is a very frequently used method of fruits preservation since it is responsible for the 

reduction of the product moisture content which greatly retards microbial and chemical deterioration. 

The objective of this work was investigated combined effect of the application of dip concentration 

ratio and apple skin on the drying kinetics during microwave drying. Lutz Golden apples were used as 

test material. Pretreated and non-pretreated samples were dried in a microwave oven at 350watt. The 

moisture content of the sample at intermediate drying stages was calculated from the weigh lost during 

drying. The shortest drying times were obtained from pre-treated samples with 1:6 dipping 

concentration ratios [ascorbic acid (0.3% w/v) and citric acid (0.1% w/v)] and without skin. 

 

A mathematical relation was studied between the moisture content of pretreated and non-pretreated 

apple slices and time drying period. Different mathematical models were evaluated in the kinetics 

research. 
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1. Introduction  

 

Drying is a creative way to preserve foods and use home-grown fruit, extra produce (e.g., ripe 

bananas) and farmers' market specials. Every drying technique has its own advantages and 

disadvantages [1-3]. Depending on the specified physical or chemical characteristics of the final 

product different dryers operated at different thermal conditions may be needed even if the feed 

material is the same. Often different dryers yield similar product at comparable costs [4]. 

 

Heat-drying has become important in almost all areas of industrial processing. Apart from the 

popular conventional procedures based on conduction, convection, or infrared radiation, heat- 

drying utilizing microwave energy is an attractive solution to many problems in process 

technology. In microwave drying, heat is generated by directly transforming the electromagnetic 

energy into kinetic molecular energy, thus the heat is generated deep within the material to be 

dried. Drying is an interdisciplinary field comprised of both transport phenomena and material 

science. With 12 to 25 percent of the national industrial energy consumption devoted to thermal 

dehydration in developed countries, drying technologies have significant impact on both energy 

and environmental aspects of a country [4, 5].  

 

One of the most important aspects of drying technology is the mathematical modeling of the 
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drying processes. The mathematical description of food moisture evolution during the process is 

also known as drying kinetics. Various empirical models have been used to simulate fruit-drying 

processes. Before drying accordingly to meet desired operating conditions, the most suitable 

operating conditions and treatments were chosen. The principle of modeling is based on having a 

set of mathematical equations that can adequately characterize the system[].  

In this study, mathematical relationship of the drying rate and moisture ratio of dried apple slices 

upon pre-treatment were investigated using microwave dryer and were developed important 

parameters about basic information. Also, the empirical mathematical model was developed 

using modified parabolic model. Then, a made of control was made up to be decreased energy 

cost of drying time. The effect of presence of apple skin, the dip solution application and 

concentration ratio of the dip solution on the drying rate was studied. 

 

Nomenclature 

 

MR : Moisture Ratio, g water/g dry mass 

DR : Drying Rate(gH2O/g dry mass*min) 

LGS 
Contr.

 : Lutz Golden with skin; control sample 

LGS
(1:3)

 : Lutz Golden with skin; 1:3 Dipping sol. applied sample 

LGS 
(1:6)

 : Lutz Golden with skin; 1:6 Dipping sol. applied sample 

LGS.less 
Contr.

 : Lutz Golden, skinless; control sample 

LGS.less
(1:3)

 : Lutz Golden, skinless; 1:3 Dipping sol. applied sample 

LGS.less 
(1:6)

 : Lutz Golden, skinless; 1:6 Dipping sol. applied sample 

 

2. Materials and Method  

 

2.1. Drying experiment  

 

In this study, apples of Lutz golden varieties were used as a raw material. They were purchased 

from a local grocery store in Inegol, Turkey. They were stored in a refrigerator at 4C prior to the 

experimental runs. Before, sample preparation, apples were equilibrated at room temperature 

before each pre-treatment and subsequent drying.  

 

Experiments were designed for microwave drying of apple slice, with different pre-treatments. 

Drying process is given below step by step as the combination of parameters for the designed 

experiments. 

a. supplied Lutz golden apple species,  

b. cleaned and cored,  

c. pared of apples (applied just for skinless samples in each apple species),  

d. cut in slices 6 mm thick,  

e. soaked into K2CO3 solution (3% w/v) for 1min.,  
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f. soaked in dipping mixture of ascorbic acid (0.3% w/v) and citric acid (0.1% w/v) solution 

for 5minutes (by 2 different alternative ratio of 1:3 and 1:6), control samples were 

untreated. 

g. Pre-treated apples were removed from solution.  

h. Dried apple slices in MW (350watt; 2450 MHz Altus ALMD 17 B,Turkey). 

 

Moisture content was determined by the oven method [6]. At regular time intervals during the 

drying processes, samples were taken out and determined moisture content of apples by Sartorius 

Moisture Analyzer (Model MA150, Germany) at 70C until a constant weight was achieved. 

Moisture content (wet basis and dry basis) was calculated. The tests were performed in duplicate. 

 

2.2. Mathematical modeling 

 

The experimental moisture loss data were fitted to selected semi-theoretical and empirical thin-

layer drying models. These models are generally derived by simplifying general series solution of 

Fick’s second law. These empirical models derive a direct relationship between average moisture 

content and drying time. Different equations are available in the literature. Many investigators 

have successfully used these equations to explain drying of several agricultural products. The 

mathematical models compared according to the coefficient of determination (R
2
) between the 

observed and predicted moisture ratios.  

 

The moisture ratio (MR) and drying rate of apple slices during drying experiments were 

calculated using the following equations: 

 

MR = ( M –Me) / (M0 – Me)           (1) 

 

DR = (Mt+dt - Mt) / dt            (2) 

 

Where MR is the local moisture content (g water/g mass), t is the drying time (min), DR is Drying 

Rate (gH2O/g dry mass*min), M, M0, Me, Mt and Mt+dt are the moisture content at any time, 

initial moisture content, equilibrium moisture content, moisture content at t and moisture content 

at t + dt (kg water/kg dry matter), respectively. The following assumptions were made. (a) The 

food sample was one-dimensional (b) the initial moisture content was uniform throughout the 

solid. 

 

To determine the drying characteristics of the chips, the experimental data were fitted into three 

different models as presented in Table 1. These models described the relationship between 

moisture loss and drying time with various coefficients attached to each model. Coefficient of 

determination (R
2
) is the primary criterion for selecting the best equation to describe drying 

curve. In conclusion, the modified parabolic models satisfactorily described the drying in MW 

characteristics of apple slices. 
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Table 1. Mathematical drying models 

 

Models Equation References 

Henderson and Pabis MR=a exp(-kt) Chinnman, (1984), Zhang and Litchfield 

(1991) 

Logarithms MR=a exp(-kt) +c Yagcioglu, Degirmencioglu and Cagatay 

(1999), Togrul and Pehlivan, (2003) 

Parabolic MR= 1+ at+ bt
2
 Wang and Singh, (1978); Sharma and 

Prasad (2004) 

 a, b, c, k, t are coefficients. 
 

3. Results  

 

Analytical information must be obtained, assessed, and integrated with drying process to check 

quality control of dried apple sliced. The experiments were carried out either in triplicate or 

duplicate, and results were presented as mean values with standard deviations 

 

Data's of the experimental moisture ratio are shown in Fig 1.a/b during drying of apple slices 

which were subjected to different pre-treatments. 
 

  
 

Figure 1. Moisture content profile of apple for drying by MW oven   

 a)Lutz.Golden with skin,  b) Lutz. Golden, skinless  

 

The drying rates of apples with pre-treated and untreated are given figure 2a/b. Moisture 

gradients were controlling the observed drying rates. These relations are shown in Figure 3. 

 

The fit parameters and fit statistics (R
2
) associated with the three models for the different apple 

slices investigated are presented in Tables 2. 
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Figure 2. Drying profiles of apple by MW oven a)Lutz Golden with skin, b) Lutz Golden, skinless 

 

 
 

 

Figure3. Relation of rate & moisture of the Lutz Golden Apple slices during drying ratio  
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Table 2. Mathematical drying models 

 

Sample & 

Dipping sol. 
Models Equation a b c k  R

2
 

LGS 
Contr.

 Henderson and Pabis MR=aexp(-kt) 1,5685 
  

0,713 0,5159 

 
Logarithmic MR=aexp(-kt) +c -0,1 

 
0,2278 

 
0,7901 

 
Modified Parabolic MR= c+ at+ bt

2
 0,012 -0,0043 0,1301 

 
0,9854 

LGS
(1:3)

 Henderson and Pabis MR=aexp(-kt) 4,6952 
  

1,059 0,4566 

 
Logarithmic MR=aexp(-kt) +c -0,091 

 
0,1961 

 
0,8909 

 
Modified Parabolic MR= c+ at+ bt

2
 -0,081 -0,0017 0,1429 

 
0,9878 

LGS 
(1:6)

 Henderson and Pabis MR=aexp(-kt) 0,27 
  

1,1836 0,5513 

 
Logarithmic MR=aexp(-kt) +c -0,078 

 
0,1729 

 
0,8498 

 
Modified Parabolic MR= c+ at+ bt

2
 -0,002 -0,0023 0,1146 

 
0,9861 

LGS.less 
Contr.

 Henderson and Pabis MR=aexp(-kt) 0,941 
  

2,7653 0,6914 

 
Logarithmic MR=aexp(-kt) +c 0,13 

 
0,2543 

 
0,9709 

 
Modified Parabolic MR= c+ at+ bt

2
 -0,002 0,0033 0,2724 

 
0,9793 

LGS.less
(1:3)

 Henderson and Pabis MR=aexp(-kt) 1,28 
  

8,2147 0,5825 

 
Logarithmic MR=aexp(-kt) +c -0,098 

 
0,1937 

 
0,9267 

 
Modified Parabolic MR= c+ at+ bt

2
 -0,0297 0,0005 0,1761 

 
0,957 

LGS.less 
(1:6)

 Henderson and Pabis MR=aexp(-kt) 1,038 
  

2,7084 0,7261 

 
Logarithmic MR=aexp(-kt) +c -0,094 

 
0,1822 

 
0,9646 

 
Modified Parabolic MR= c+ at+ bt

2
 -0,0433 0,0022 0,1928 

 
0,9703 
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4. Discussion  

 

Drying rate is affected by many factors such as the size, composition, structure, treatments, 

dryers and the amount of food to be dried. Drying rate can be accelerated by analysing the effect 

of constant and variable conditions on the dehydration of the raw material. The apple species, 

presence of skin and concentration ratio of the dip solution were all affected on the drying rates 

of apple sliced in different ratios [7-10].  

 

Two different alternative ratio of 1:3 and 1:6 of the dipping mixture solution were applied to 

prior to drying process.  It was observed that the drying rate and the drying time were affected. 

The fastest drying were obtained from pre-treated samples with 1:6 dipping mix.solution.  

Interestingly, dip mix sol. ratios were not significantly influenced to drying rate and time as 

expected. Skinless samples have higher moisture ratio than other samples in each dipping 

concentration ratios and control sample. This is the same for drying rate because of moisture flux 

gradient. Moisture gradients were controlling the observed drying rates. At low moisture contents 

the rates of drying become very low [5, 7, 11].  

 

Conclusions  

 

The rates of water removal for the sample without skin, especially pre-treated apples were better 

than the others. Consequently, the microwave drying technique can reduce drying time and 

produce a high quality end-product up to process conditions so as to offer a promising alternative 

and significant contribution to the apple. 

 

The high temperatures and long time periods required for water removal from apple fruits may 

seriously affect their nutritional and organoleptic quality. For this reason, these technological 

parameters are considered as being critical variables [7, 10-12] 

Next, dehydration processes should be investigated to minimize the impact on bioactive 

compounds. 
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