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Abstract 
 
In this study the effect of ultrasonic pre-treatment (US) on the thin-layer infrared (IR) 
drying kinetics and modelling of Loligo vulgaris (Squid) were studied and obtained data 
were compared with the microwave drying (MW).  In each three methods, effective 
moisture diffusivities (Deff) and activation energies (Ea) were determined. According to 
the drying curves of Loligo vulgaris the highest drying times were found in IR and the 
lowest drying times were found in MW methods. Therefore, ultrasonic pre-treatment 
decreased the drying times. Drying takes place in the falling-rate period generally. 
Midilli & Kucuk model best fit the experimental data for each method with the 
coefficient of determination (R2) values higher than 0.995. Highest Deff values were 
found in MW method and calculated between 1.25x10-8 - 5.62x10-8 m2/s, and the 
lowest Deff values were found in IR method and calculated between 6.57 × 10-10 - 1.35 
× 10-9 m2/s. Moreover, Ea values were found 35.20 and 37.12 kJ/mol for IR and US-IR, 
and 35.43 for MW methods. Drying time, temperature and power levels lead to color 
changes.  

 

Introduction 
 

Seafoods have been used for many years with their 
high protein content and wide range of consumability. 
One of the most important marine species is Loligo 
vulgaris considering its commercial value in the 
southern European coast and in the Mediterranean 
region. Loligo vulgaris or the European squid is a well-
known large squid belonging to the family Loliginidae. 
Squid has a large habitat along the eastern Atlantic 
Ocean and especially in the Mediterranean. Thus, it has 
been a target of the researches for many years and is 
one of the best known European cephalopod species 
(Jereb et al., 2015, Abdelmalek et al., 2016). FAO reports 
the estimated annual global production of Loligo 
vulgaris is more than 293,000 tonnes. Countries that are 
known with a highest level of production are Croatia, 
Cyprus, Malta and Germany, respectively (FAO, 2017).  

Food products tend to deteriorate under normal 
conditions due to their microbiological activities. Since 
the activity of microorganisms stops in a limited 
humidity environment, drying is the most effective 
method of preservation. For the past two decades, 
microwave and infrared drying have been remarkable 
methods in dehydration of various products (Doymaz et 
al., 2015a, b; Kipcak, 2017). Microwave drying has 
superior thermal efficiency and rapid drying rate 
throughout the response time, so it is a unique method 
for saving time and energy. Infrared drying also saves 
energy compared to traditional drying methods as it 
heats the material rapidly and uniformly without 
heating the surrounding air. Besides that, infrared 
drying gives a better-quality product with its uniform 
temperature distribution (Adak et al. 2016). 

In recent years, with the increase in dry food 
consumption, the tradition of drying food products has 
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started to differ from the old times. Although there have 
been many meat studies in the literature, seafood 
related studies did not reach sufficient numbers. 
Examples of drying studies with different meat products 
can be given as; Mewa (2019) studied solar tunnel 
drying of beef, Ahmat et al. (2015) studied convective 
drying of beef, and Sa-Adchom et al. (2011) studied 
superheated steam drying of pork. For the drying of 
chicken, Osman (2017) studied with convective dryer, 
Hii et al. (2014) studied convection oven drying raw and 
cooked chicken, and Ayanwale et al. (2007) studied sun 
and oven drying of the meat and chicken pieces. 
Compared to other meat product, sea products are 
studied extremely rare in drying studies. Examples 
include the following studies as; Namsanguan (2004) 
studied two-stage drying processes of shrimp, Vega-
Gálvez et al. (2011) studied osmo-treated jumbo squid 
drying and Kipcak et al. (2017 & 2019) studied the 
microwave and infrared drying of mussel. For fish drying 
studies, Mohd Rozainee and Ng (2010) studied the 
microwave-convective hot air drying, and Purnomo Sidh 
(2018) studied greenhouse drying of salted fish. 

Ultrasounds can be defined as the vibrations of a 
frequency from 20 kHz to 100 MH. The mechanical 
energy provided to the gas-solid or liquid-solid systems 
via ultrasonic waves to reduce internal and external 
mass transfer resistance (Nowacka et al. 2012). When 
the forces involved in the mechanism is higher than the 
surface tension of the water molecules within the 
capillaries of the material, microscopic channels are 
created and facilitate to exchange of matter (so called 
‘‘sponge effect’’) (Liu et al. 2018). These capillaries are 
useful for reducing the resistance of internal moisture 
migrating to the surface and increasing the drying rate 
effectively (Liu et al. 2018). In general, as the porosity 
increases, the material softness increases, and the 
mechanical compression and expansion produced by 
ultrasound becomes easier.  

The ultrasonic pre-treatment reduces the process 
time of the drying processes. Thus, it saves a lot of 
energy, especially in expensive and long-term processes 
(Nowacka et al., 2012; Fernandes et al., 2019).  For 
various food products, ultrasound has been using during 
the drying to enhance the process.  In this field, many 
studies have been carried out mainly about the drying of 
the vegetables and fruits in the literature. As examples 
of drying studies with ultrasound pre-treatment; 
Fernandes et al. (2008) studied effects on melon cell 
structure, Romero & Yépez v. (2014) studied convective 
drying of Andean blackberry. The osmotic dehydration 
of strawberries is studied by Garcia-Noguera et al. 
(2010), Nowacka et al. (2012) apple cubes drying, 
Fernandes et al. (2019) convective air-drying of 
mangoes, and La Fuente & Tadini (2017) studied on 
unripe bananas to produced flour by air-drying. Drying 
studies on other products than vegetables and fruits are 
very rare. Exemplarily; vacuum drying of honey 
enhanced with ultrasound studied by Liu et al. (2018). 
Başlar et al. (2014) studied ultrasonic vacuum drying of 

chicken meat and beef, Zhengbin (2014) studied vacuum 
drying of wood and Duan (2008) studied microwave 
freeze drying of sea cucumber. 

It is seen from the literature despite the studies 
about the drying of food products, there are only a few 
studies about the drying characteristics of sea products. 
In this respect, the infrared drying of Loligo vulgaris was 
studied at the drying temperatures of 60, 70 and 80°C. 
After than ultrasonic pre-treatment was applied in order 
to find the effect of ultrasound on the drying curves and 
kinetics. Moreover, the results of infrared drying were 
compared with the microwave drying results and 
mathematical modelling of all methods was studied. 
 

Materials and Methods 
 

Samples and Equipments 
 

Loligo vulgaris, which are produced by Kerevitaş 
(Kerevitaş Industry and Commerce Inc., Bursa, Turkey) 
was bought from the local market in Turkey in February 
2019 and were kept in a refrigerator (1050T model; 
Arcelik, Eskisehir, Turkey) at a temperature of -18°C. 
Before the experiments Loligo vulgaris was taken from 
the refrigerator and waited in a desiccator to reach the 
temperature equilibrium. There parallel samples of 
Loligo vulgaris were weighted as 10.0 ± 0.2 g for the 
determination of moisture content and were cut as thin 
layer of a thickness of 0.6 cm. The average moisture 
content was determined by using a MA 50.R model 
infrared moisture analyzer (Radwag Balances and 
Scales, Radom, Poland) at 120 °C and found to be 
79.49% on wet basis, which corresponds to 3.87 kg 
water/kg dry matter on a dry basis.  

Infrared drying experiments were fulfilled using 
the same MA 50.R model infrared moisture analyzer 
which works with 230 V at 50 MHz (Radwag Balances 
and Scales, Radom, Poland). The pre-treatment process 
was performed with using an Ultrasonic bath which has 
an accuracy of 1°C and 120 W ultrasonic power (Isolab, 
Germany). For the microwave drying process a home 
type Delonghi MW205S model microwave dryer with a 
working the interval of 140-790W (Delonghi, Treviso, 
Italy) was used. 
 
Experimental Method 
 

Like in the determination of moisture content the 
samples were prepared for the drying experiments. In 
the first method infrared radiation (IR) dryer was used. 
The drying temperatures were selected as 60, 70 and 
80°C like most of the drying studies in literature 
(Doymaz, 2010; Doymaz & Özdemir, 2014). The samples’ 
weight was noted from infrared radiation dryer screen 
at the intervals of 15 minutes for each temperature 
level. In the second method, ultrasound pre-treatment 
process before infrared radiation (US-IR) was applied at 
30°C and 10 minutes like in the study done by Rodrigues 
& Fernandes (2007). After ultrasound pre-treatment 
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due to the swelling of samples, the average moisture 
content was again determined by using the infrared 
moisture analyzer at 120 °C and found to be 87.8% on 
wet basis, which corresponds to 7.2 kg water/kg dry 
matter on a dry basis. Then the samples were dried with 
infrared radiation dryer with the same temperatures of 
60, 70 and 80°C. In the third method microwave 
radiation (MW) was used at 140, 210 and 350 W power.  
The samples’ weight was recorded for 140 W at intervals 
of 30 seconds and for 210 and 350 W at intervals of 1 
minute as given in the study of Kipcak & İsmail, 2020. 
Drying was proceed until the moisture in the product 
decreased to 5%. The samples were cooled at room 
temperature when the drying was finished. Afterwards, 
dried samples, which are given in Figure 1, were packed 
into polyethylene bags and to keep in safe from 
moisture they were placed in a desiccator. 

Modelling and Regression Analyses 
 

The moisture content (M), drying rate (DR) and 
moisture ratio (MR), were calculated during drying 
experiments are presented by the equations given in (1), 
(2) and (3) (Kipcak, 2017; Kipcak & İsmail, 2018; Kipcak 
et al., 2019; Sevim et al., 2019): 

 

d

w

m

m
M     (1) 

 

where M is the moisture content (kg water/kg dry 
matter), 𝑚𝑤 is the water content (kg), 𝑚𝑑 is the dry 
matter content (kg).  

 

dt

MM
DR tdtt 

    (2) 

 
Fresh 

   
IR 60 IR 70 IR 80 

   
US-IR 60 US-IR 70 US-IR 80 

   
MW 140 MW 210 MW 350 

 

Figure 1. Pictures of fresh and dried Loligo vulgaris dried by: IR, US-IR and MW. 
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where DR is the drying rate (kg water/kg dry matter 
x min), Mt+dt is the moisture content at 𝑡+ 𝑑𝑡 (kg 
water/kg dry matter), 𝑡 is the drying time (min). 
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where MR is the moisture ratio (dimensionless), 
𝑀𝑡, 𝑀0, and 𝑀𝑒 relate to the moisture content at any 
drying time, initial moisture content and equilibrium 
moisture content (kg water/kg dry matter), respectively. 
In the calculations, 𝑀𝑒 is generally neglected due to its 
small amount.  

The drying curve data of each method of IR, US-IR 
and MW were fitted to 14 most widely used 
mathematical models of Aghbaslo et al., Alibas, 
Henderson et al., Jena & Das, Lewis, Logarithmic, Midilli 
& Kucuk, Page, Parabolic, Peleg, Two-term exp., Verma 
et al., Wang et al. and Weibull (4-17). 

Parameters of models were predicted using a non-
linear regression procedure based on the Lavenberg–
Marquardt algorithm applied by Statistica 8.0 (StatSoft 
Inc., Tulsa, USA).  To determine the best fitted model, 
coefficient of determination (R2), reduced chi-square 
(χ2) and root mean square error (RMSE) statistical 
evaluation methods were applied and equation are 
given in (4), (5) and (6), respectively. Higher R2 values 

and lower 2 and RMSE values were accepted as better 
results in the literature (Doymaz et al., 2015a,b). 
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where MRexp and MRpre represent experimental 
and predicted values of moisture ratios, respectively. N 
is the total number of experiments, and z is the number 
of constants in the model. 
 
Determination of the Effective Moisture Diffusivity 
 

Drying of food materials is a function of internal 
diffusion and generally occurs in the falling rate period. 
Several mathematical models have been proposed using 
Fick’s second law to describe drying processes during 
falling rate period. The analytical solution of the Fick’s 
second law, with the assumptions of mass transfer 

(moisture migration) is by diffusion only, diffusion 
coefficient is constant, and shrinkage is negligible, and 
temperature is constant during the dehydration drying 
process in unsteady state thin-layer diffusion can be 
given as (7) (Doymaz et al., 2015a): 
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where Deff, L and t are the effective moisture 
diffusivity (m2/s), the half-thickness of the samples (m) 
and drying time (s), respectively. Since the first terms of 
the equations will not affect the results, these are 
neglected and equation (8) can be simplified as given in 
(22): 
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From the slope of the ln(MR) versus t, Deff can easily 
be calculated. 

 
Activation Energy Determination 
 

The energy of activation was calculated using an 
Arrhenius type equation as (9):  
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where D0 (m2/s), Ea (kJ/mol), R (kJ/(mol×K)) and T 
(°C) are the pre-exponential factor of Arrhenius 
equation, activation energy, universal gas constant 
(8.314 J/mol×K) and temperature, respectively.  

On the other hand, the temperature is not a 
directly evaluated variable for the microwave 
dehydration.  

Hence, regulated form of the Arrhenius equation is 
used in order to find the activation energy. It depends 
on the interaction between the MW power level to 
sample weight and effective diffusivity as shown in (10) 
(Kipcak, 2017): 

 








 


P

mE
DD a

eff exp0   (10) 

 

where P is the microwave power (W), m is sample 
weight (kg) and 𝐸a unit is kW/kg. 

 
Color Analysis 
 

Colour is the primary criterion when determining 
product quality and consumer choice. The lightness or 
darkness are presented with L* values in Hunter colour 
system. Also, the positive a* values represent redness 
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and the negative ones represent greenness as the 
positive b* values represent yellowness and the 
negative ones represents blueness. Before and after the 
all three drying processes, colour parameters were 
measured by using a handheld colorimeter. (PCE-CSM 1; 
PCE Instruments UK Ltd., Southampton Hampshire, 
United Kingdom). More than five measurements were 
performed for each squid sample. Also total color 
changes (ΔE) is calculated from the following equation 
(11): 

 

    2
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2

0

2)( bbaaLLE o         (11) 

 

Results and Discussion 
 

Drying Curves 
 

The effect of drying temperature and different 
drying methods on the squid drying is shown in Fig. 2. 
The initial average moisture content of squids for 
infrared drying without pre-treatment was 3.87 kg 
water / kg dry matter, and with ultrasound pre-
treatment was 7.197 kg water / kg dry matter. The dried 
squids were decreased to 0.0922 ± 0.0156 kg water / kg 
dry matter and 0.3337 ± 0.0865 kg water / kg dry matter 
for infrared drying without pre- treatment and with pre-

 

 

 
Figure 2. Drying curves of Loligo vulgaris dried by: a. IR, b. US-IR and c. MW. 
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treatment, respectively. The initial average moisture 
content of squids for microwave oven drying was 3.87 
kg water / kg dry matter, and the dried squids were 
decreased to 0.1628 ± 0.0372 kg water / kg dry matter. 
From the curves, it is seen that the increase in 
temperature and power level decreased the drying 
times. In the infrared drying, times were found as 277, 
240 and 150 min for the temperatures of 60, 70 and 
80°C, respectively. In the infrared drying with ultrasound 
pretreatment times were found as 315, 300 and 190 min 
for the temperatures of 60, 70 and 80°C, respectively. 
Furthermore, in the microwave oven drying times were 
found as 18, 7 and 4.5 min for the power levels of 140, 
210 and 350 W, respectively. The drying times for squid 
found higher than infrared drying (Kipcak et al., 2019) 

and the microwave method of mussel (Kipcak, 2017) 
which is another common seafood as expected. The 
obtained results are consistent with results of other 
meat drying studies (Aksoy et al., 2019; Başlar et al., 
2014: Kipcak & İsmail, 2020; Mohd Rozainee et al., 
2010). 

The falling-rate period is usually where the drying 
takes place (Sarpong et al., 2019). In Fig. 3 the drying 
rate plot of the squid dried with different methods with 
respect to the moisture content is given. It can be seen 
from the plots that only the falling-rate period is 
detectable in the figure and the drying rates increase as 
the drying temperature and power level increase as 
given in the literature (Kipcak, 2017; Kipcak et al., 2018; 
Kipcak & İsmail, 2020). 

 

 

 
Figure 3. Drying rate curves of Loligo vulgaris dried by: a. IR, b. US-IR and c. MW. 
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In infrared drying falling-rate period is found 
between 2.9874 - 0.1999, 3.3111 - 0.1487 and 3.1696 - 
0.1256 kg water / kg dry matter for the temperatures of 
60, 70 and 80°C, respectively. In infrared drying with 
ultrasound pretreatment rising-rate period is calculated 
between 5.7703 - 0.4202, 6.1935 - 0.2681 and 5.6579 - 
0.2472 kg water / kg dry matter for the temperatures of 
60, 70 and 80°C, respectively. Moreover, in microwave 
oven falling-rate period is obtained between 3.1963 - 
0.1077, 2.0532 - 0.0838 and 2.0384 - 0.0766 kg water / 
kg dry matter for the power levels of 140, 210 and 350 
W, respectively. As in the microwave (Kipcak, 2017) and 
infrared drying (Kipcak et al., 2019) studies given in the 
literature, the constant-rate period is not obtained. 

In all three drying methods, drying took place 
majorly in the period of falling-rate. In many meat-type 
products drying study the falling-rate is stated as a main 

drying phase. As the resistance of the water increases 
due to the decrease of porosity owing to the shrinkage 
of the sample, the drying rate decreases (Doymaz et al., 
2015b; Kipcak, 2017). 
 
Modelling and Regression Analyses Results 
 

The experimental data were fitted to 
aforementioned models and the model parameters and 
statistical data are represented in Table 1. The best 
model was selected by evaluating the coefficient of 

determination (R2), reduced chi-square error () and 
root mean square error (RMSE). For all the drying 
techniques average R2 values below 0.9996 for IR and 
US-IR methods and 0.996 for MW method were not 
listed. 

 

 

 
Figure 4. Comparison of the experimental and predicted MR values obtained from Midilli & Kucuk model: a. IR, b. US-IR and c. MW 
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Table 1. IR, US-IR and MW methods coefficients and statistical data (Avg. R2>0.9996) 

Method Model Parameter 60°C 70°C 80°C 

IR Aghbashlo et al. 

k1 0.008715 0.009529 0.013601 
k2 -0.000725 -0.000995 -0.002658 
R2 0.999864 0.999109 0.999892 
χ2 0.000012 0.000062 0.000013 

RMSE 0.003230 0.007421 0.003212 

IR Midilli & Kucuk 

a 1.000821 0.998733 0.999570 

k 0.006705 0.010879 0.009201 

n 1.073086 0.972107 1.129560 

b -0.000038 -0.000312 -0.000279 

R2 0.999966 0.999852 0.999931 

 0.000001 0.000007 0.000011 

RMSE 0.000741 0.002372 0.002589 

IR Verma 

a -1.208400 -0.021037 -1.634220 
k 0.005410 -0.004691 0.006910 
g 0.007020 0.009773 0.009840 
R2 0.999688 0.999765 0.999353 
χ2 0.000010 0.000018 0.000086 

RMSE 0.002844 0.003841 0.007911 

US-IR Aghbashlo et al. 

k1 0.007126 0.010203 0.015546 

k2 -0.000587 -0.000040 -0.000786 

R2 0.999888 0.999791 0.999891 

χ2 0.000007 0.000009 0.000009 

RMSE 0.002573 0.002927 0.002777 

US-IR Midilli & Kucuk 

a 1.000765 1.003365 0.997526 

k 0.006437 0.011412 0.013829 

n 1.030274 0.973684 1.038813 

b -0.000098 -0.000044 -0.000052 

R2 0.999942 0.999894 0.999805 

χ2 0.000003 0.000007 0.000021 

RMSE 0.001435 0.002374 0.003849 

US-IR Page 

k 0.005278 0.010198 0.013128 
n 1.080753 1.001241 1.055468 
R2 0.999579 0.999785 0.999713 
χ2 0.000024 0.000004 0.000028 

RMSE 0.004688 0.001820 0.004927 

US-IR Verma 

a -0.472334 0.134801 -1.561660 
k 0.003449 0.010258 0.024460 
g 0.006059 0.010258 0.020830 
R2 0.999913 0.999784 0.999838 
χ2 0.000003 0.000004 0.000018 

RMSE 0.001672 0.001778 0.003746 

US-IR Weibull 

a 128.0316 97.50345 60.65976 
b 1.080800 1.001240 1.055470 
R2 0.999579 0.999785 0.999713 
χ2 0.000024 0.000004 0.000028 

RMSE 0.004688 0.001820 0.004927 

Method Model Parameter 140W 210W 350W 

MW Jena & Das 

a 0.423361 2.765300 0.428485 

k 0.322655 0.789800 1.356527 

b 0.295154 0.625750 0.694441 

c 0.860162 -1.019080 0.847159 

R2 0.994154 0.998028 0.998636 

χ2 0.000753 0.000505 0.000262 

RMSE 0.024384 0.015884 0.012539 

MW Midilli & Kucuk 

a 1.023327 1.001463 1.004989 
k 0.088076 0.193728 0.643453 
n 1.522713 1.753099 1.566868 
b 0.003247 0.004120 0.007282 
R2 0.995760 0.999619 0.998900 
χ2 0.000283 0.000097 0.000211 

RMSE 0.014936 0.006981 0.011262 
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The model that fits best the experimental data for 
all the drying methods of microwave oven, infrared 
drying and infrared drying with ultrasound 
pretreatment was found as Midilli & Kucuk model in 
Table 1. R2 values are obtained between. 0.999966 - 
0.999852, 0.999942-0.999805 and 0.999619 - 0.995760 
for infrared drying, infrared drying with ultrasound 

pretreatment and microwave oven, respectively.  
values are found between, 0.000001 - 0.000011, 
0.000021 - 0.000003 and 0.000283 - 0.000097 for 
infrared drying, infrared drying with ultrasound 
pretreatment and microwave oven, respectively. RMSE 
values are calculated between 0.002589 - 0.000741, 
0.003849 - 0.001435 and 0.014936 - 0.006981 for 
infrared drying, infrared drying with ultrasound 
pretreatment and microwave oven, respectively. The 
best model for the study of mussel in the infrared drying 
(Kipcak et al., 2019) was also found as Midilli & Kucuk 
with the R2 values between 0.999150 - 0.999750. 
Moreover, the best model was found as Weibull (Kipcak, 
2017) with the R2 values between 0.998135 - 0.999929 
for the microwave drying. 

The predicted MR values against experimental MR 
values were plotted in Fig. 4 for Midilli & Kucuk model.  
As the plot of the predicted versus experimental data 
gives match as a nearly straight line it can be said that 
the data in good agreement.  
 
Effective Moisture Diffusivity Values 
 

From the slope of the ln(MR) versus drying time (s) 
plot, Deff values are calculated. For infrared drying Deff 
values are found as 6.57 x 10-10, 7.95 x 10-10 and, 1.35 x 
10-9 m2/s for the temperatures of 60, 70 and 80°C, 
respectively. For infrared drying with ultrasound 
pretreatment Deff values are found as 5.11 x 10−10, 6.46 x 
10−10 and 1.09 x 10-9 m2/s for the temperatures of 60, 70 
and 80°C, respectively. For microwave oven Deff values 
are found as 1.25 x 10-8, 3.52 x 10-8 and, 5.62 x 10-8 m2/s 
for the temperatures of 140, 210 and 350 W, 
respectively. The obtained Deff values shows the 
microwave oven had the highest diffusion coefficient 
values then infrared dryer follows and infrared drying 
with ultrasound pretreatment has the lowest diffusion 
coefficient values. For the biological materials, diffusion 
coefficient values are within the general range of 10-8 to 
10-12 m2/s (Zogzas et al., 1996). Thus, the calculated Deff 
values were mutually compatible with the literature. 
The increase in the temperature and power level causes 
a temperature increase of the meat-type of products, 
which increases the vapour pressure (Sa-adchom et al., 
2011; Akhtar and Omre, 2018). The temperature effect 
on the Deff values can be calculated by using the 
equations between (12-14): 

 
IR → Deff = 3 × 10-10 + 2 × 10-10 (R2 = 0.8922)               (12) 
 
IR-US → Deff = 3 × 10-10 + 2 × 10-10 (R2 = 0.8922)         (13) 
 

MW → Deff = 2 × 10-08 + 9 × 10-09 (R2 = 0.9995)           (14) 
 

As the drying rates are smaller, the calculated Deff 

values are lower than the microwave and infrared drying 
Deff values calculated for mussels (Kipcak, 2017; Kipcak 
et al., 2019). 
 
Activation Energy Values 
 

From the slope of the plot of ln(Deff) vs. 1/T (1/K) 
and ln(Deff) vs. m/P, Ea values are calculated. The 
estimated values Ea are 35.2 and 37.124 kJ/mol for 
infrared drying and infrared drying with ultrasound 
pretreatment, and 35.434 kW/kg for microwave oven. It 
can be seen the activation energy values for infrared 
drying with pre-treatment and without pre-treatment 
lie within 12.7-110 kJ/mol general range for food 
materials (Zogzas et al., 1996). 
 
Color Results 
 

Colour parameters L*, a* and b* of dried squids by 
different methods with the ΔE values are shown in Table 
2. When drying methods were compared, the highest 
“L*” values were seen in the microwave oven. Since the 
“L*” value represents lightness (100) and darkness (0), 
higher “L*” values are obtained as expected in the 
microwave oven due to less drying times compared to 
other methods. 

Besides that, the lowest “L*” values were obtained 
in the infrared dryer due to the highest drying times. As 
the drying time of infrared drying with ultrasound pre-
treatment is between the microwave oven and infrared 
drying times, its “L*” values are also between the “L*” 
values of these methods. Redness values "a*" were 
obtained from the highest to the lowest in infrared 
dryer, infrared drying with ultrasound pre-treatment 
and microwave oven, respectively. Furthermore, the 
yellowness values “b*” were obtained in microwave 
oven, infrared drying with ultrasound pre-treatment 
and infrared drying without a pre-treatment, from the 
highest to the lowest respectively. Drying time, 
temperature and power levels often lead to color 
changes. The highest ΔE values obtained at the MW 
method due to the highest changes in “L*” and “b*” 
values and the lowest ΔE values obtained at the method 
of US-IR. At all drying methods “L*” and “b*” values are 
increased with increasing temperature or power and 
“a*” values are decreased; as also seen in the literature 
(Isik et al., 2019; Aksoy et al., 2019). 
 

Conclusion 
 

In this study, infrared, ultrasonic pre-treated 
infrared and microwave drying curves and kinetics of 
Loligo vulgaris were studied with the drying 
temperatures of 60, 70 and 80°C. In all of the methods 
Midilli & Kucuk model best fits the drying data with very 
high R2, and very low χ2 and RMSE values. Mainly falling-
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rate period was obtained in the drying of Loligo vulgaris 
at each method. The highest Deff and Ea values were 
obtained in the method of microwave method and 
ultrasonic pre-treatment decreased the Deff and Ea 
values due to the swelling of water during the pre-
treatment. For the comparison between the methods, 
MW is obviously the best method for the lowest drying 
times, which will led to more energy saving. On the 
other hand, for the color changes the best method is the 
IR method due to the lowest total color changes. For the 
future studies may be other pretreatment methods 
could be used before the drying experiments and may 
be the drying experiments conducted after cooking the 
squid samples.   
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