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ABSTRACT 
In the current study, three different drying methods, including hot air drying (50, 60, 70 °C and 1.8 m/s), 
microwave drying (180, 360, 540 W) and freeze-drying (0.2, 0.15, 0.1 mbar) were experimentally studied and 
the drying kinetics of reduced-fat white cheese (RFWC) were determined. Microwave drying process time 
was significantly shorter than hot air drying and freeze-drying for RFWC. Semi-empirical models were 
applied to determine the most appropriate drying model targeting the highest R2 and the lowest RMSE and 
χ2 values representing the drying kinetics of RFWC. The effective diffusion coefficient values for different 
drying methods varied from 1.521 x 10-9 to 4.432 x 10-8 m2/s. Through increasing the temperature, 
microwave power, and vacuum pressure, effective diffusion coefficient values increased. The activation 
energy values were determined as 12.421 kJ/mol for hot air drying and 5.599 W/g for microwave drying. 
Keywords: Microwave drying, freeze-drying, reduced-fat white cheese, effective diffusion coefficient, drying 
behavior 
 

FARKLI YÖNTEMLER İLE KURUTULMUŞ YAĞI AZALTILMIŞ BEYAZ 
PEYNİRİN KURUTMA KİNETİĞİ 

 

ÖZ 

Bu çalışmada, sıcak hava ile kurutma (50, 60, 70 °C ve 1.8 m/s), mikrodalga kurutma (180, 360, 540 
W) ve dondurarak kurutma (0.2, 0.15, 0.1 mbar) olmak üzere üç farklı kuruma yöntemi deneysel 
olarak incelenmiş ve yağı azaltılmış beyaz peynirin (RFWC) kurutma kinetiği belirlenmiştir. 
Mikrodalga kurutma yönteminde işlem süresi, RFWC için sıcak havayla kurutma ve dondurarak 
kurutma yöntemlerinden önemli ölçüde daha kısadır. RFWC'nin kuruma kinetiğini temsil eden en 
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yüksek R2 ve en düşük RMSE ve χ2 değerlerini hedefleyen en uygun kurutma modelini belirlemek için 
yarı deneysel modeller uygulanmıştır. Farklı kurutma yöntemleri için efektif difüzyon katsayısı 
değerleri 1.521 x 10-9 ile 4.432 x 10-8 m2/s arasında değişmiştir. Sıcaklık, mikrodalga gücü ve vakum 
basıncının artırılmasıyla efektif difüzyon katsayısı değerleri artmıştır. Aktivasyon enerjisi değerleri 
sıcak havayla kurutma için 12.421 kJ/mol ve mikrodalga kurutma için 5.599 W/ g olarak 
belirlenmiştir. 
Aahtar kelimeler: Mikrodalga kurutma, dondurarak kurutma, yağı azaltılmış beyaz peynir, efektif 
difüzyon katsayısı, kuruma davranışı  
 
INTRODUCTION 
Cheese is known as the most privileged product 
of the dairy industry in terms of both the 
indisputable importance of nutrients in human 
nutrition and its economic yield (Gobbetti et al., 
2018). Since cheese contains high-quality protein, 
calcium, phosphorus, zinc, and vitamins (B12, 
riboflavin, and A) and essential nutrients for the 
human body, its inclusion in the diet may assist to 
minimize the risk of osteoporosis (Miller et al., 
2006). Cheese, one of the most consumed dairy 
products in the world, is available in the market as 
fresh or ripened. Although more than 1000 
cheese varieties exist around the world among 
them, white cheese is the most consumed cheese 
variety in Turkey  (Hayaloğlu et al., 2002). White 
cheese is a semi-soft cheese, salted in brine, and 
graded as fresh or ripened (TGK, 2015).  
 
Drying is one of the most widely used methods to 
minimize the biochemical reactions that occur 
during storage by reducing the water activity of 
the food (İlter et al., 2018). However, the 
chemical, textural, and physical properties of food 
also alter the end of the drying process due to 
simultaneous mass and heat transfer (Koç et al., 
2008). Cheese can be subjected to drying because 
of decreasing the moisture content, increasing 
shelf life, providing ease of transportation, and 
developing a product instead of cheese to use in 
other foods as a component. Dried cheese 
provides ease of use in the industry, especially for 
products such as chips, pasta, instant soup, pizza, 
salad dressing, biscuits, and cakes (Kaya, 2004).  
 
Although the hot air drying method is frequently 
used for drying food in the literature (İlter et al., 
2018), long drying time, significant color changes, 
reduction in nutritional value, and case hardening 
problems have pushed the researchers into the 
search for new drying techniques. Microwave 

drying, a relatively new and innovative method, 
has various benefits compared to hot air drying, 
including higher drying rate and minimum heating 
of locations with less water (Chandrasekaran et 
al., 2013). The heating effect in food materials is a 
consequence of dipolar rotation and ionic 
conduction. Water, which is the main component 
of most food material, is caused to the generation 
of frictional heat with vibrational and rotational 
energies. The heat generated in the food material 
causes the pressure gradient and allowing 
moisture to be removed from the food quickly. 
This allows the microwave drying method to be a 
very fast dehydration method (Vallejo-Castillo et 
al., 2020). 
 
The faster drying improves the quality of the food 
and provides a higher output. Freeze drying, one 
of the most advanced drying methods, supplies a 
product with a porous structure, superordinate 
taste and aroma, and better rehydration properties 
(Krokida et al., 1998). 
 
In the literature, there are some studies focused 
on drying of cheese with various drying methods. 
Izmir Tulum, a kind of Turkish cheese was dried 
in a tray dryer at different drying conditions 
(Kizilalp et al., 2018).  The researchers found that 
the sample with the highest sensory acceptance 
was dried at 55°C. In another study, cheese was 

dried with hot air (43 and 52 ℃, 1.2 m/s air 
velocity), microwave (350, 500, 650, 750 and 850 
W) and freeze-drying (6, 12 and 24 hours) 
methods and microwave drying were found to be 
the most effective method considering the drying 
rate of water from the cheese (Pinho et al., 2017). 
Chudy et al. (2019) also used hot air and 
microwave vacuum drying methods as a 
combination to dry Harzer cheese. The dried 
cheese with a porous structure was obtained using 
pre-drying of the cheese in the tray drier at 44°C 
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till a dry matter content of 72 %, then, using 
microwave vacuum drying at 1000 W microwave 
power, 30 kPa pressure, and 80 °C. Rakcejeva et 
al. (2009) studied microwave vacuum drying 
process, which was performed at 38 °C, 56-70 
mm Hg pressure range and maximum 798 kJ/kg 
microwave power, to produce dried Cheddar 
cheese and reported that the moisture content of 
cheese decreased from 50 % to 14.37 % in 23 
minutes.  
 
Drying kinetics of foods is a complex 
circumstance that requires simplification for 
estimating results and optimization of the 
parameters (Karathanos and Belessiotis, 1999).  
Especially for microwave and freeze-drying, the 
information on moisture diffusion models that 
could define the processes exactly is more useful 
at the industrial level. There are limited studies in 
the literature about the modeling of cheese drying. 
Castell-Palou and Simal (2011) investigated the 
drying kinetics of pressed cheese with a heat 
pumpfresh drying at four different temperatures 
and a diffusion model was proposed. Also, 
Ermolaev (2019) developed a model considering 
the drying temperature, residual pressure, and the 
area of the dried cheese to calculate the duration 
of the vacuum drying process of cheese. 
However, no information has been reported on 
the drying behavior of reduced-fat cheese with 
these methods.  
 
The objective of this study was to examine the 
drying kinetics of RFWC as a function of drying 
methods (hot air, microwave, freeze-drying) and 
process parameters (different temperatures, 
powers, and vacuum pressures). The kinetic 
parameters were determined for each drying 
method data using different semi-empirical 
models besides the 2nd Fick diffusion model. 
 
MATHEMATICAL MODELING  
In order to model the drying data, the driving 
force for the moisture movement during drying is 
assumed as a liquid concentration gradient. Since 
the heat transfer proceeds too quickly during 
drying, the heat transfer effect is neglected. 
Moreover, the moisture diffusion coefficient is 
assumed as the same in all directions (isotropic 

material) and the sample shrinkage is negligible. 
In the falling drying rate period, moisture transfer 
from the solid sample can be characterized by 
unsteady-state Fick’s law of diffusion equation 
with these conditions (Kaymak-Ertekin, 2002; 
Eren et al., 2008; Tlatelpa-Becerro et al., 2020).  
 
𝜕𝐶

𝜕𝑡
= 𝐷𝑒𝑓𝑓  

𝜕2𝐶

𝜕𝑥2                                    (1) 

 
where C: Moisture content (kg water/kg dry 
matter), Deff: Effective diffusion coefficient 
(m2/s), x: Thickness of sample (m), t: Time (s). 
 
To solve Eq. 1, moisture in the sample is assumed 
to be uniformly distributed and mass transfer 
resistance in the gas phase is negligible. Therefore, 
moisture transfer is controlled by internal 
resistance and the surface concentration of the 
sample does not vary with time. Analytical 
solutions of Eq. 1 for an infinite slab geometry are 
given in Eq. 2 Crank (1979), considering these 
assumptions, which help to determine initial and 
boundary conditions.  
 

𝜓 =
(𝐶𝑡̅̅ ̅−𝐶𝑒)

(𝐶0−𝐶𝑒)
=

8

𝜋2
∑

1

(2𝑖−1)2 exp (−
(2𝑖−1)2.𝜋2.𝐷𝑒𝑓𝑓.𝑡

4.𝐿2
)

∞

𝑖=1
       (2) 

 
where Ct: Moisture content (kg water/kg dry 
matter) at time t, Co: Initial moisture content (kg 
water/kg dry matter), Ce: Equilibrium moisture 
content (kg water/kg dry matter), L: The half-
thickness of the sample (m), ψ: dimensionless 
moisture ratio, which was calculated from 
experimental drying curves of cheese samples. 
 
Using the first term (n = 1) of Eq. 2 is sufficient 
for long drying times as;  
 

𝜓 =
(𝐶𝑡̅̅ ̅−𝐶𝑒)

(𝐶0−𝐶𝑒)
=

8

𝜋2 exp (−
𝜋2.𝐷𝑒𝑓𝑓.𝑡

4.𝐿2
)                (3) 

 
After the Eq. 3 is linearized, the change of ln (ψ) 
relative to time is plotted and Deff is calculated 
using the slope of the obtained curve with Eq. 4  
 

Deff =
Slope∙4∙L2

π2
                                       (4) 
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The mathematical model explained above was 
developed by Crank assuming constant diffusion 
coefficient to determine Deff based on the 
unsteady state Fick’s law of diffusion. 
 
In addition to the theoretical Fick diffusion 
model, many semi-empirical models are 
commonly used in the modeling of food drying to 
simulate the drying curves. Although the 

empirical models represent the experimental data 
for a good fit, the model parameters are physically 
insufficient. These simple models show a direct 
relationship between the moisture content of the 
food and the drying time (Simal et al., 2005; Eren 
et al., 2008; İlter et al., 2018). Among these, seven 
semi-empirical drying models were used to 
describe the drying kinetics of reduced-fat white 
cheese in this study and are given in Table 1. 

  
Table 1. Semi-empirical models for drying of reduced- fat white cheese 

Model 
No 

Model name Model References 
Equation 
Number 

1 Newton 𝑀𝑅 = exp(−𝑘. 𝑡) Mujumdar (1995) 
(5) 

2 Page 𝑀𝑅 = exp(−𝑘. 𝑡𝑛) 
 Diamante and Munro 
(1993) 

(6) 

3 
Henderson 
and Pabis 

𝑀𝑅 = a. exp(−𝑘. 𝑡) Henderson and Pabis (1961) 
(7) 

4 
Modified 
Page Model 

𝑀𝑅 = exp(−𝑘. 𝑡) 𝑛 White et al. (1980) 
(8) 

5 
Wang and 
Singh 

𝑀𝑅 = 1 + 𝑎. 𝑡 + 𝑏. 𝑡2 Wang and Singh (1978) 
(9) 

6 Two Terms 𝑀𝑅 = a. exp(−𝑘0. 𝑡) + b. exp(−𝑘1. 𝑡) Henderson (1974) 
(10) 

7 Logarithmic 𝑀𝑅 = a. exp(−𝑘. 𝑡) + 𝑐 Yağcıoğlu et al. (1999) 
(11) 

where, a, k, b, n, k0, k1, c are constants in models and t is time. 

 
MATERIAL AND METHODS 
Materials 
Turkish fresh reduced-fat white cheese (RFWC) 
was used as raw material provided by Sütaş Dairy 
Company (Bursa, Turkey). The same batch of 
cheese was used in all drying trials and stored at 
+4 °C until the experiments.  The average initial 
moisture content of RFWC was 72.45±0.21 % on 
a wet basis. The chemical composition of white 
cheese samples was determined as 63.69±0.77 % 
protein, 26.32±0.18 % fat, 7.18±0.22 % salt on a 
dry basis. Samples of fresh RFWC were analyzed 
for moisture by the gravimetric method (TS, 
2006), fat content according to the Gerber 
method (TS, 1990), and the salt content according 
to the Mohr method (IDF, 1988),  protein content 
using the Kjeldahl method (AOAC, 2005). 
 
Drying Procedures 
Hot Air Drying 
The hot air drying process was carried out with a 
tray drier (Eksis Makine, Isparta, Turkey) after the 

samples were cut into the appropriate size (1x1x2 
cm). Then, the samples were spread on the tray 
and dried at 50, 60, and 70 °C under airflow of 1.8 
m/s.  
 
Microwave Drying 
The microwave drying process was performed 
using a microwave oven (Arçelik MD 595) with 
the power of 180, 360 and 540 W for RFWC 
samples cut into dimensions of 1x1x2 cm.  
 
Freeze Drying 
RFWC samples cut into 1x1x2 cm size were 
frozen -18 °C for 24 hours before the freeze-
drying. The freeze-drying process was performed 
using a freeze dryer (Telstar Lyoquest -55 Plus 
Eco) under 0.2, 0.15, and 0.1 mbar vacuum 
pressures.  
 
Water loss analyses 
Water loss during drying was measured by 
weighing the product using an electronic balance 
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(Shimadzu BL620S, Tokyo, Japan) with an 
accuracy of ± 0.01 g at regular intervals (per 
minute or seconds or hour). The drying process 
with different methods was continued until a 1 % 
difference in weight between the last two 
measurements was obtained. In order to 
determine the weight loss in especially freeze 
drying, the samples were taken out at definite time 
(15 min)  by stopping the system, the weight 
measurement was taken and the new fresh sample 
was fed again into the dryer and this sample was 
dried until the time reached to 30 min. This 
measurement process was repeated until the end 
of drying. 
 
Data Analysis 
Experimental data analysis and statistical 
modeling were carried out by linear and nonlinear 
regression analysis (SPSS, IBM SPSS Statistic 
Base 22.0). Among the different semi-empirical 
models that used in this study, the best-fitted 
model for the drying behavior of RFWC was 
evaluated by considering the coefficient of 
determination (R2), root means square error 
(RMSE) and reduced chi-square (χ2) values as 
criteria. The best model defining the drying 
behavior was selected as the model with the 
highest R2 and the least RMSE and χ2 value. The 
RMSE and χ2 values can be calculated using the 
following equations (Eq. 12 and Eq.13). 
 

𝑅𝑀𝑆𝐸 = √
∑ (𝜓𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑖−𝜓𝐴𝑐𝑡𝑢𝑎𝑙𝑖)2𝑁

𝑖

𝑁
        (12) 

 

𝛘𝟐 =
∑ (𝜓𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑖−𝜓𝐴𝑐𝑡𝑢𝑎𝑙𝑖)2𝑁

𝑖

𝑁−𝑍
         (13) 

 
where ψactual

 is the experimental dimensionless 
moisture value, ψpredicted

 is the predicted 
dimensionless moisture value from the model N 
is the number of observations and Z is the 
number of constant. 
 
Uncertainty Analysis  
Uncertainty analysis is used to detect the 
inaccuracy of experiments used in modeling and 

designing experiments (Koç et al., 2008; İlter et 
al., 2018). Uncertainties in the drying trials usually 
arise from the selection and calibration of 
measuring devices, environmental conditions, 
personal observation, and reading. The hot air 
temperature, microwave power, vacuum pressure, 
change of weight of the sample dried, the 
thickness of samples, drying time were 
independent parameters measured in the drying 
experiments.  The uncertainties of the measured 
parameters, the total uncertainties of calculated 
moisture contents, effective diffusion coefficient, 
and activation energy values are given in Table 2. 
The uncertainty values obtained for RFWC drying 
were about the limit of 5%. 
 
RESULTS AND DISCUSSION 
The drying curves of RFWC sticks for hot air, 
microwave, and freeze-drying are shown in 
Figures 1, 2, and 3, respectively. The results 
showed that the overall drying process took place 
during the falling rate period for all drying 
methods. A constant drying rate period in these 
experimental conditions employed was not 
observed. This is due to the fact that the main 
mechanism of mass transfer is through diffusion. 
 
The drying of RFWC with hot air drying method 
caused case hardening on the surface of the 
cheese. The case hardening prevented the water 
from removing and caused samples having high 
moisture content at the end of the drying process. 
Especially, case hardening increased by increasing 
temperature in the hot air drying process. The 
case hardening causes the formation of a thin and 
extremely dry layer outside of the food, which has 
different transport and mechanical properties 
than the core. It has been reported that case 
hardening increases especially when the food 
material is exposed to high drying temperatures, 
high air velocities, and low air relative humidity 
(Gulati and Datta, 2015). 
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Table 2. Uncertainties of the experimental measurements and total uncertainties for the predicted values 

Parameters 
Unit 

Results (Drying) 

Hot air Microwave Freeze 

Experimental measurements 

Temperature °C ±2.00 - - 
Power W - ±0.1 - 
Pressure mbar - - ±0.01 
Weight g ±0.01 - - 
Time s ±0.033 ±0.033 ±0.033 
Thickness cm ±0.0001 ±0.0001 ±0.0001 

Estimated values 

Moisture ratio (MR) dimensionless ±1.01a ±0.39d ±1.46g 
Effective diffusion coefficient m2/s ±0.60b ±1.32e ±1.63h 
Activation energy kJ/mol* and W/g** ±0.77c ±4.32f - 

* activation energy unit for hot air drying 
** activation energy unit for microwave drying 
a Nominal value was taken as 0.0006  
b Nominal value  was taken as 1.77*10-12 m2/s  
c Nominal value was taken as 12.42 kJ/mol  
d Nominal value was taken as 0.0009  
e Nominal value  was taken as 1.57 *10-10 m2/s 
f Nominal value  was taken  as 5.599 W/g  
g Nominal value was taken as 0.001  
h Nominal value was taken 4.57*10-12 

 
 
 

 
Figure 1. Experimental and predicted drying curves of reduced-fat white cheese for hot air drying at 

50, 60 and 70 °C. 
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Figure 2. Experimental and predicted drying curves of reduced-fat white cheese for microwave drying 

at 180, 360 and 540 W. 
 
 

 
Figure 3. Experimental and predicted drying curves of reduced-fat white cheese for freeze drying at 

0.20, 0.15 and 0.10 mbar. 
 
As seen in Figures 1, 2, and 3, for each drying 
method, moisture content was continuously 
decreased by increasing drying time. As the 
temperature, microwave power, and vacuum 
pressure increased in the drying process, the 

diffusion rate of water in the samples increased in 
the falling drying period. The cause of this that as 
the drying temperature increases, the humidity 
pressure in the sample considerably increases 
(Khamjae and Rojanakorn, 2016). Similarly, an 
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increase in microwave power and vacuum 
pressure increases the water diffusion rate by 
increasing the energy transferred to the product 
and provides a high water removal rate. For hot 
air drying, an increase in the temperature 
decreased the drying time, but this was more 
clearly observed for microwave power. The 
increase in microwave power has been effective in 
reducing drying time. This can be explained as the 
volumetric heat generation in the moist sample 
owing to the energy transmitted directly and 
absorbed by the water molecules leads to higher 
internal temperatures. Therefore, the water 
achieves the boiling point faster (Baysal et al., 
2003). Pinho et al., (2017), investigated hot air, 
microwave, and freeze-drying process to reduce 
the cheese water content. The researchers found 
that drying time decreased with the increase in 
temperature and microwave power. They also 
suggested that microwave drying is the quickest 
and most effective drying process for sliced 
cheese. However, the time required for freeze-
drying was a little shorter than hot air drying (Fig. 
3). The chamber pressure has a combined effect 

for controlling the sublimation temperature and 
changing parameters affecting the drying kinetics. 
At constant temperature, the drop in the chamber 
pressure causes decreasing the vapor pressure on 
the product surface. Thus, the driving force 
required for the drying process increases, and the 
total drying time is shortened (Arsem and Ma, 
1990; Lombrana, 1997). Drying times for 0.2 and 
0.15 mbar vacuum pressures were not notable 
different while it decreased at 0.1 mbar vacuum 
pressure. 
 
Evaluation of Semi-Empirical Models 
Experimental results of dimensionless moisture 
content with drying time were fitted to the 
proposed semi-empirical models, Eqs. 5-11, in 
Table 1 to mathematically clarify the effect of 
drying conditions on the drying properties of 
RFWC. The constants of the semi-empirical 
models were calculated by nonlinear regression 
analysis. Table 3 shows the parameters of the 
models and the criteria (R2, χ2, RMSE) for the 
models for different air temperatures, microwave 
powers, and vacuum pressures. 

  

Table 3. Non-linear regression analysis results of semi-empirical models during drying of reduced- fat 
white cheese using different drying methods 

Hot Air Drying 

Model Name 
Temperature 

(°C) 
a b c k k0 k1 n χ2 RMSE R2 

Newton 

50    0.009    1.09x10-4 0.0267 0.912 

60    0.011    1.33x10-4 0.0417 0.968 

70    0.015    2.24x10-5 0.0414 0.969 

Page 

50    0.042   0.678 2.76x10-6 0.0550 0.985 

60    0.035   0.762 2.48x10-6 0.0153 0.996 

70    0.043   0.762 4.14x10-4 0.0192 0.993 

Henderson 
and Pabis 

50 0.865   0.007   1.000 1.26x10-5 0.1106 0.939 

60 0.905   0.010   1.000 6.21x10-5 0.0340 0.978 

70 0.923   0.014   1.000 6.93x10-3 0.0373 0.974 

Modified Page 

50    0.009   0.678 3.23x10-4 0.0607 0.985 

60    0.012   0.762 6.91x10-4 0.0626 0.996 

70    0.016   0.762 6.76x10-3 0.0373 0.993 

Wangh and 

Singh 

50 -0.006 1.10x10-5      1.10x10-3 0.0110 0.849 

60 -0.007 1.20x10-5      3.68x10-3 0.0950 0.833 

70 -0.009 1.80x10-5      6.57x10-7 0.1360 0.791 

Two Terms 

50 0.730 0.278   0.017 0.002  2.90x10-7 0.0120 1.000 

60 0.397 0.597   0.005 0.022  2.48x10-6 0.0151 0.997 

70 0.33 0.682   0.006 0.027  9.96x10-7 0.0107 0.998 

Logarithmic 

50 1.000  -0.120 0.380    1.66x10-1 0.0120 0.997 

60 1.000  -0.122 0.377    3.51x10-6 0.0166 0.995 

70 0.919  0.590 0.018    9.71x10-7 0.5010 0.994 
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Microwave Drying 

Model Name Power (W) a b c k k0 k1 n χ2 RMSE R2 

Newton 

180    0.001    2.76x10-3 0.0817 0.971 

360    0.002    1.54x10-3 0.0783 0.981 

540    0.003    7.84x10-4 0.0721 0.946 

Page 

180    0.022   1.293 1.16x10+1 0.6544 0.996 

360    0.109   1.165 2.62x10+0 0.4993 0.996 

540    0.084   1.517 2.53x10+0 0.5382 0.997 

Henderson 

and Pabis 

180 1.076   0.001   1.000 3.16x10-4 0.0471 0.986 

360 1.061   0.003   1.000 2.55x10-4 0.0493 0.987 

540 1.113   0.004   1.000 5.51x10-4 0.0648 0.966 

Modified Page 

180    0.001   1.293 3.36x10-2 0.1519 0.996 

360    0.002   1.165 1.42x10-4 0.0428 0.996 

540    0.003   1.517 8.92x10-3 0.1312 0.997 

Wangh and 
Singh 

180 -0.001 9.33x10-8      7.95x10-1 0.3351 0.996 

360 -0.002 1.02x10-6      5.45x10-5 0.0337 0.991 

540 -0.002 7.75x10-7      5.78x10-4 0.0662 0.996 

Two Terms 

180 0.49 0.586   0.001 0.001  3.21x10-4 0.0471 0.986 

360 0.539 0.522   0.003 0.003  2.62x10-4 0.0493 0.987 

540 0.555 0.557   0.004 0.004  5.81x10-4 0.0649 0.966 

Logarithmic 

180 1.431  -0.393 0.001    2.37x10-1 0.2466 0.998 

360 1.209  -0.184 0.002    3.11x10-5 0.0291 0.993 

540 2.075  -1.038 0.001    2.06x10-3 0.0901 0.998 

Freeze Drying 

Model Name 

Vacuum 

Pressure 
(mbar) 

a b c k k0 k1 n χ2 RMSE R2 

Newton 

0.20    0.006    2.44x10-6 0.0221 0.994 

0.15    0.006    2.13x10-6 0.0214 0.997 

0.10    0.007    2.33x10-5 0.0372 0.985 

Page 

0.20    0.004   1.090 8.42x10-6 0.0292 0.997 

0.15    0.005   1.050 4.53x10-7 0.0141 0.998 

0.10    0.003   1.175 6.97x10-6 0.0268 0.992 

Henderson 
and Pabis 

0.20 1.016   0.006   1.000 2.12x10-6 0.0199 0.995 

0.15 1.009   0.006   1.000 4.06x10-6 0.0234 0.998 

0.10 1.026   0.007   1.000 3.16x10-5 0.0380 0.986 

Modified Page 

0.20    0.006   1.090 2.87x10-5 0.0397 0.997 

0.15    0.006   1.050 4.49x10-7 0.0140 0.998 

0.10    0.007   1.175 1.34x10-4 0.0562 0.992 

Wangh and 

Singh 

0.20 -0.005 6.66x10-6      2.38x10-5 0.0379 0.996 

0.15 -0.005 7.29x10-6      8.13x10-6 0.0289 0.994 

0.10 -0.005 7.86x10-6      1.07x10-3 0.0944 0.995 

Two Terms 

0.20 -0.188 1.187   0.017 0.007  3.97x10-6 0.0222 0.997 

0.15 0.073 0.936   0.006 0.006  4.87x10-6 0.0234 0.998 

0.10 0.435 0.591   0.007 0.007  3.61x10-5 0.0380 0.986 

Logarithmic 

0.20 1.062  -0.060 0.005    6.47x10-6 0.0263 0.996 

0.15 1.033  -0.280 0.006    5.41x10-2 0.2516 0.998 

0.10 1.141  -0.140 0.006    2.42x10-5 0.0356 0.994 
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All models were at a compliance level to explain 
the drying behavior of RFWC with hot air drying. 
However, the Two Terms model gave the most 
appropriate model for all temperatures having the 
highest R2 and the lowest RMSE and χ2 values.  
The Two Terms model contains constants a, b, k0, 
and k1. The constant “a” decreased with an 
increase in air temperature whereas the values of 
“b” and “k1” increased (Table 3).  Mohapatra and 
Rao (2005) stated that the “Two Terms model” 
offered the highest R2 and the lowest RMSE value 
in the drying of boiled wheat with hot air drying 
as a thin layer. In the microwave drying, the most 
suitable model was found to be the “Henderson 
and Pabis” model at all microwave powers. It was 
observed that an increase in k value with an 
increase in microwave power. Duan et al. (2005) 
concluded that Henderson and Pabis's models 
also gave the best fit in the microwave oven 
drying of Bighead carp. In the freeze-drying of 
RFWC, the Page model gave the highest R2, 
lowest RMSE, and χ2 values for all vacuum 
pressures. Page model constants, k, and n values 

were ranged between 0.003 to 0.005 1/s and 1.050 
to 1.175, respectively (Table 3).  
 
Experimental and predicted moisture ratio data 
determined using the best-fitted empirical models 
for hot air drying, microwave drying, and freeze-
drying were compared, also shown in Figures 1, 2, 
and 3, respectively. There was a strong fitting 
between the values of experimental and predicted 
moisture ratio for hot air drying and freeze-drying 
whereas weaker agreement was found for 
microwave drying. 
 
Determination of Effective Moisture 
Diffusivity 
For each sample, with a change in time, non-
dimensional moisture ratio values were obtained. 
The effective diffusion coefficients were 
determined from the slopes of the logarithmic 
curves for each experimental condition neglecting 
the shrinkage effects and are given in Table 4 
together with the R2 values at different 
temperatures, microwave powers, and vacuum 
pressures. 

  
Table 4. The effective diffusivity values for different air temperatures, microwave powers and vacuum 

pressure 

Drying Methods Temperature (ºC)/ Power (W)/ 
Vacuum Pressure (mbar) 

Deff x 109  (m2/s) R2 

Hot Air Drying 
50 ºC 2.150 0.956 
60 ºC 2.384 0.986 
70 ºC 2.799 0.970 

Microwave Drying 
180 W 13.185 0.978 
360 W 37.020 0.978 
540 W 44.322 0.954 

Freeze Drying 
0.20 mbar 1.521 0.980 
0.15 mbar 1.633 0.945 
0.10 mbar 1.897 0.959 

 
As expected, the Deff values of white cheese 
samples increased by increasing drying 
temperature, microwave power, and vacuum 
pressure. The effective diffusion coefficient 
values for microwave drying were higher than 
those for freeze-drying and hot air drying (Table 
4). The effective diffusivity values for hot air 
drying, microwave drying, and freeze-drying were 
found in the range of 2.150 x 10-9-2.799 x10-9 
m2/s, 1.319 x10-8-4.432 x 10-8 m2/s and 1.521x10-

9-1.897 x10-9 m2/s, respectively. In drying 
processes carried out with hot air and freeze-
drying methods, the drying of cheese samples 
start from the surface and move towards the 
interior. Besides, along with the drying time, the 
moisture content of the sample decreases, and the 
solid content increases. As a result, the mobility 
of the water in the sample decreases, and the 
transfer of water becomes difficult. The increased 
resistance to moisture transfer and the drop in the 
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mobility of the water caused a low effective 
diffusion coefficient in hot air and freeze-drying 
processes. However, since the heat transfer takes 
place directly into the sample in the microwave 
drying process, the resistance to moisture transfer 
is lower and the mobility of the water is higher. 
As a result, a higher effective diffusion coefficient 
was achieved in a microwave dried cheese sample. 
Therefore, the microwave drying process offers a 
great advantage in terms of effective diffusion 
coefficients in white cheese samples. Our results 
are similar to the effective diffusivity values 
proposed by different authors for different food 
products. In the drying of fresh pressed cheese 
with a heat pump, the effective diffusion 
coefficient increased by increasing drying 
temperature (Castell-Palou and Simal, 2011).  In a 
study conducted with apple pulp, effective 
diffusion coefficients for different microwave 
powers (between 150-600 W) were reported to 
vary in the range of 1.0465x 10-8 - 3.6854 x 10-8 
m2/s. In addition, an effective diffusion 
coefficient increased with increasing microwave 
power (Wang et al., 2007). A similar increase was 
also reported during the drying of potato slices in 
a microwave belt dryer running between 1500 and 
2100 W microwave power (Çelen et al., 2015).  

The temperature and microwave power 
dependence of Deff were described by the 
Arrhenius type relation (Eqs 14 and 15). 
 

𝐷𝑒𝑓𝑓 = 𝐷0𝑒𝑥𝑝 (−
𝐸𝑎

𝑅 𝑇𝑎
)                                         (14) 

 

𝐷𝑒𝑓𝑓 = 𝐷0𝑒𝑥𝑝 (−
𝑚 𝐸𝑎 

𝑃 
)                               (15)  

 
where D0: Exponential coefficient of Eq. 14 and 
15, Ea: Activation energy for moisture diffusion 
(kJ/mol) or (W/g), R: Universal gas constant 
(8.314 x 10-3 kJ/mol.K), Ta: Absolute temperature 
(K), P: Microwave power (W), m: Mass of the 
sample (g).  
 
The activation energy values were found to be 
12.421 kJ/mol for hot air drying and 5.599 W/g 
for microwave drying (Table 5). The higher 
effective diffusion coefficient resulted in lower 
activation energy required to remove water from 
the product in microwave drying. Similarly, 
Dadalı et al. (2007) determined the activation 
energy as 5.54 W/g in the microwave drying of 
okra.  

  
Table 5. Arrhenius parameters for the hot air drying and microwave drying of reduced-fat white cheese 

Drying methods D0 x 108 (m2/s) Ea R2 

Hot air drying 21.48 12.421 (kJ/mol) 0.985 

Microwave drying 7.68 5.599 (W/g) 0.990 

 
In order to evaluate the accuracy of the proposed 
theoretical model using the 2nd Fick diffusion 
equation, the experimental versus predicted 
dimensionless moisture ratio values for hot air, 
microwave, and freeze-drying at different 
conditions are plotted in Figure 4. As can be 
observed, the good agreement was obtained when 
the model was solved by the Fickian diffusion for 
hot air drying and freeze-drying, but the Fickian 
diffusion model was not able to predict accurately 
the experimental moisture ratio for microwave 
drying. 
 
CONCLUSION 
The drying behavior of RFWC was examined with 
different drying methods and conditions (hot air 

drying, microwave drying, and freeze-drying). It 
was determined that the drying rate increased as 
the drying temperature, microwave power, and 
vacuum pressure increased and consequently the 
drying time decreased. For the hot air drying, the 
Two Terms model showed a better fit for all 
temperatures and Henderson and Pabis's model 
was found to be a most suitable model for all 
microwave powers of microwave drying. In the 
freeze-drying method, the Page model gave the 
best fit for all vacuum pressures. The moisture 
diffusion coefficients were calculated to be in the 
range of 1.521 x 10-9 to 4.432 x 10-8 m2/s and the 
highest effective diffusivities were determined for 
the microwave drying. The activation energy 
values were obtained to be 12.421 kJ/mol and 
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5.599 W/g for hot air drying and microwave 
drying, respectively. The microwave drying 
method was more effective than hot air and 
freeze-drying of white cheese samples and 
resulted in saving to the extent of drying time. In 
addition, due to the formation of case hardening 

on the cheese surface in the hot air drying 
method, the moisture content could not be 
reduced to the desired value. This study made it 
possible to evaluate the drying characteristics of 
RFWC in different drying methods.  

 

 
Figure 4. Comparison of the experimental and predicted values using Fickian diffusion model for hot 

air, microwave and freeze drying. 
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