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A B S T R A C T 

  

   

 In this study, the drying kinetics of saffron stigmas pretreated by atmospheric pressure cold plasma pretreatment 

(15, 30, 45 and 60 s) followed by hot air drying (60°C and 1.5 m/s) were modeled using 10 conventional 

mathematical thin layer models. The use of cold plasma pretreatment reduced drying time and enhanced effective 

moisture diffusivity (Deff). The most accurate models describing behavior of drying process of stigmas were Two-

term, Midilli and Kucuk and Wang–Singh models. These models were determined based on the higher value of 

coefficient of determination (R2) and the lower values of root mean square error (RMSE), chi-square (χ2) and sum 

of square errors (SSE). In addition, the Newton model did not in accordance with experimental data.  The value of 

Deff of pre-treated saffron stigmas were in the range of 8.7013×10-9 and 9.1139 ×10-9 m2/s depending on the time 

of pretreatment. The use of cold plasma pretreatment reduced the surface resistance to moisture transfer, improved 

the diffusion coefficient, and subsequently, reduced the drying time.  
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1. Introduction 

Saffron is a dried product of red stigma of Crocus Sativus 

Linnaeus that is cultivated in various countries such as Iran, Spain, 

Greece, Turkey, and Morocco (Shahi et al., 2016). Iran is 

considered as the largest producer with more than 90% of world 

production and also major exporter in the world (Melnyk et al., 

2010). Saffron is widely used in the food industry as colorant and 

flavoring agent and also is applied as anti-cancer and anti-

depressant in traditional medicine. Moreover, saffron has 

miscellaneous application in industries such as cosmetics and 

textiles (Rodriguez-Ruiz et al., 2016). In order to preserve saffron 

for longer period, fresh saffron stigma should be dried. Several 

studies have shown that drying process of saffron stigma is one of 

the key stages of saffron post-harvesting and processing. Different 

methods have been proposed for the drying process of the saffron 

stigmas including shade or sun drying (traditional methods), hot-air 

drying, freeze drying, microwave drying, and infrared drying (Yao 

et al., 2019). 

Drying, is a complex phenomenon in which mass and heat 

transfer occur simultaneously. It has a significant impact on the 

quality and value of the final product (Aghaei et al., 2019). Hot air 

drying (HAD) is one of the most conventional methods for drying 

of agricultural products. The main drawbacks of this approach are 

the low energy efficiency and the long drying time (Szadzińska et 

al., 2016). In recent years, some physical (thermal and non-thermal) 

and chemical (aqueous and gaseous) pretreatments have been 

developed to increase the quality and decrease the time of drying 

(Deng et al., 2019). Consequently, the high demand for high-

quality product has led to the combination of drying methods with 

non-thermal energy sources.  

Cold plasma is one of the emerging technologies that is widely 

used in several industrial and scientific fields including food 
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industry, medicine, chemistry, and biology (Pankaj & Keener, 

2017). The term "plasma" refers to a gas, e.g., argon, oxygen, 

nitrogen, and helium, or a mixture of gases that is partially or 

wholly ionized and consists of photons, ions, and free radicals, as 

well as atoms in basic or excited states (Hou et al., 2019). 

According to the relative energy levels of electrons and heavy 

species, plasma is classified into two categories; a) thermal plasma, 

and b) non-thermal plasma (Ekezie et al., 2017). Non-thermal 

plasma is conventionally made using strong electric field at 

ambient temperature and atmospheric pressure (Zhang et al., 2019). 

The gliding arc discharge (GAD) system has been considered as a 

straightforward and low-cost method for producing both non-

thermal and thermal plasma. In this system, air flows through two 

metal electrodes, which are connected to a high voltage source. The 

potential difference between two electrodes results in electric 

discharge and the air stream causes the flame formation of the 

plasma (Kong et al., 2018). Cold atmospheric plasma is considered 

as a novel pretreatment before drying of agricultural products. It 

has shown that GAD pretreatment increase the drying rate and 

reduce the drying time (Zhang et al., 2019; Tabibian et al., 2020). 

Development of mathematical models for drying processes is of 

paramount importance in drying technology, particularly in 

industrial processes. The main objective of the mathematical 

modeling is to define an accurate drying method to predict the best-

operating conditions for obtaining target product (Mazandarani et 

al., 2017). Numerous studies have been conducted with the focus 

on the mathematical modeling and kinetics of the drying process of 

different agricultural products using different pretreatments such as 

citric acid and blanching, alkaline ethyl oleate solution, ultrasound, 

and osmotic dehydration. 

Most of these studies have focused on the application of cold 

plasma in the food industry for the purpose of microbial 

decontamination and considering its effects on the quality and 

chemical composition and physical properties of foods (Bourke et 

al., 2018). Nevertheless, no investigation is conducted to the 

modeling of the drying process of atmospheric cold plasma 

pretreatment. Hence, the purpose of this study is to examine the 

mathematical models of thin-layer drying to describe the effect of 

different cold atmospheric plasma pretreatment times on drying 

kinetics and define optimum models to describe the drying process. 

2. Material and Methods 

2.1. Raw material 

Saffron flowers were harvested in November 2018 from the 

Ahmadabad Mostofi, Tehran, Iran. Stigmas were hand separated; 

they were maintained in cold conditions before conducting 

pretreatment and main drying processes. The moisture content of 

fresh stigmas was 79.35 ± 0.70% on a wet basis. 

2.2. Cold plasma pretreatment and hot-air drying 

The cold plasma pretreatment was conducted using GAD 

plasma machine (Plasmatech-15B, Kavosh Yaran Fan Pooya, Iran). 

Briefly, 2 g of the fresh stigma with approximately 0.3 mm 

thickness were exposed directly to plasma flame (With a length of 

11cm and width a of 4 cm) for exposure time of 0, 15, 30, 45 and 

60s (Fig. 1). The power supply, electrical potential and frequency 

were 1 kW, 8 kV and 50 Hz, respectively.  During the pretreatment 

process, the weight of the stigma decreased due to surface moisture 

evaporation. Therefore, the moisture content of all pretreated 

stigmas were adjusted to the same level  (43.37%) using HAD at 

60°C and flow velocity of 1.5 m/s before the main drying process. 

HAD is done using laboratory scale hot-air dryer (SAT-1373, Iran) 

with the air temperature of 60°C and air velocity of 1.5 m/s. In 

order to investigate the kinetics of drying, samples were weighted 

every 4 minutes using a digital scale. The drying process has been 

continued until the moisture content of the samples reduced to 12% 

(wb). In order to increase the accuracy of the results, experiments 

were performed in triplicate. 

 
Fig. 1. Schematic diagram of gliding arc discharge setup. 

 

 
Fig. 2. Variations of moisture ratio with drying time at different 
pretreatment times for saffron stigmas. 

2.3. Mathematical modeling of drying curves 

The moisture ratio (MR) of thin layer of saffron stigmas was 

measured using Eq. (1). MR represents the moisture content of the 

sample at each time of drying relative to the initial moisture. 

   
     

      
                                                                                   

where    is the moisture ratio,    is the moisture at any time 

(kg water/kg dry matter), and    and    are the equilibrium 

moisture of samples (kg water/kg dry matter) and the primary 

moisture of samples (Kg water/kg dry matter), respectively. For the 
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long drying time,    would be neglected comparison with     (Izli 

et al., 2018). Therefore, the    equation can be expressed as Eq. 

(2): 

   
  

  
                                                                                                

The mathematical models that have been utilized in this study 

are listed in Table 1. To determine the coefficients of descriptive 

models (k, k1, a, etc.), the experimental data of saffron drying 

kinetics were estimated using a curve fitting toolbox in the 

MATLAB software. In order to determine the most accurate model 

describing saffron stigma drying kinetics, the coefficient of 

determination (R2), root mean square error (RMSE), error sum of 

squares (SSE), and the chi-square (χ2) were calculated. The most 

accurate model was chosen among the selected models based on 

the lowest values of RMSE, SSE, and χ2, and the highest value of 

R2 which were calculated by Eq. (3), Eq. (4), Eq. (5) and Eq. (6), 

respectively. 
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where       is the observed moisture ratio of saffron stigma 

for Nth measurement,       is the predicted moisture ratio of the 

model,   is the number of observations (Data),   is the number of 

coefficients used in each model, and   is the number of terms 

(Kumar et al., 2016; Keneni et al., 2019). 

 

 
Fig. 3. Comparison of experimental data curves of drying of saffron stigmas in 30 s pretreatment with models predicted result. 

 
Table 1. Common mathematical thin layer models for drying behavior. 

References Model equation Name of Model Mathematical No. 

Alara et al. (2017) MR= exp (−kt) Newton 1 

Alara et al. (2017) MR=exp(−ktn) Page 2 

Akpinar and Bicer (2008) MR=a exp(−kt) Henderson and Pabis 3 

Akpinar and Bicer (2008) MR=a exp(−kt) + b Logaritmic 4 

Mohapatra and Rao (2005) MR=a exp(−kt) + a1 exp(-k1t) Two-term 5 

Younis et al. (2018) MR=a exp(−kt) + (1−a) exp(-kat) Two Term Exponential 6 

Sobukola et al. (2007) MR=a exp(−ktn) + bt Midilli and Kucuk 7 

Blanco-Cano et al. (2016) MR=a exp(−kt) + (1−a) exp(-kbt) Diffısion approximation 8 

Younis et al. (2018) MR=a exp(−kt) + (1−a) exp(-gt) Verma et al. 9 

Sobukola et al. (2007) MR = 1 + at + bt2 Wang and Singh 10 

             Note: MR is the moisture ratio, t is a time (min) and a, b, g, k and n of the model constant coefficients. 
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Table 2. Comparison of the effect cold plasma pretreatment on average MC and drying time. 

pretreatment (s) MC after cold plasma pretreatment (% wb) Time  to reach MC% of 43.37 (min) Total drying time (min) 

0 79.35 ± 0.70 a 16 ± 1.00a 37 ± 1.73a 

15 66.51 ± 1.95 b 11 ± 1.00b 31 ± 1.00b 
30 58.71 ± 2.74 c 6 ± 1.00c 26 ± 1.00c 

45 49.29 ± 0.55 d 2.33 ± 0.60d 22.33 ± 0.57d 

60 43.37 ± 0.82 e - 20 ± 0.00e 

Note: All data are expressed as mean ± standard deviations. Different superscripts in each column indicate a significant difference between the data (p < 

0.05). 

 
 

 

 

Table 3. Model constants and statistical analysis results for different pretreatment times. 
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2.4. Determination of moisture diffusion coefficient 

Diffusion is an important feature in the drying modeling of 

agricultural food products. This parameter depends on the 

temperature as well as moisture content of drying materials 

(Mirzaee et al., 2010). The diffusion equation of Fick’s second law 

(Eq. (7)) implies the diffusion of mass (moisture) during falling 

rate period of drying for agricultural and food products. For 

applying the Fick’s second law, it is assumed that the food product 

is one-dimensional, initially distribution of moisture in food is 

uniform, the main mechanism of mass transfer is diffusion, and 

external resistance is negligible. Calculating the effective moisture 

diffusion coefficient (EMDC) using the Fick’s second law is a 

useful tool to describe the drying process and possible mechanisms 

for the transfer of moisture into food. 

  

  
   

   

  
                                                                                          

where X is the amount of moisture (kg water / kg dry matter), D 

(m2/s) is the effective moisture diffusivity, t (s) is the time of 

drying, and Z (m) is the distance for moisture penetration of fresh 

stigma. The above equation is mainly used for different geometrics 

including slab, cylinder and sphere and boundaries as well as initial 

conditions. The saffron stigmas were considered as an unlimited 

cylinder. Regarding to the geometry and boundary conditions the 

following equation (Eq. (8)) was used to determine the MR as a 

function of drying time (Dak & Pareek, 2014): 
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where MR is the moisture ratio (dimensionless), Deff  is the 

effective moisture diffusivity (m2/s), β and n is Bessel function 

roots of the first type and zero degree, a is the cylinder radius (m) 

and t is the drying time (s).  

The EMDC coefficient is determined by plotting the natural 

logarithm of experimental moisture ratio against drying time 

applying following formula (Touil et al., 2014): 

         (
 

  
 )  

  
 

                                                             

2.5. Statistical analysis 

Statistical analysis of data was performed using SPSS software 

(IBM statistical analysis Version, 21). All results were expressed as 

mean ± standard deviations and to compare the means, Duncan's 

test was applied at a significant level of p < 0.05. MATLAB 17 

software was used for mathematical modeling. 

3. Results and Discussion 

3.1. Influence of cold plasma pretreatment on drying 

kinetics 

Saffron samples were dried to 12% moisture content (wb). 

Pretreatment by GAD decreased the moisture content of the all 

samples (p < 0.05), and it is intensified at longer pretreatment times 

(Table 2). This is due to the increase in surface temperature of 

stigmas and evaporation of surface moisture, in this case, the 

surface temperature difference between of the control sample and 

pretreated sample for 60s was 26ºC. The drying curves of the 

saffron stigma subjected different pretreatment time are shown in 

Fig. 2. As demonstrated in this figure, the increase of the 

pretreatment time led to a reduction in the drying time of saffron 

stigmas. Plasma active species (OH●, NO●, N2+, O*, etc.) may cause 

the stress, surface deformation and perforation of the surface 

(etching). It leads to reduce barriers against diffusion phenomena, 

and increase moisture transfer (Tabibian et al., 2020). On the other 

hand, creation of pores and cracks on the outer layer of the stigma 

may control the case hardening phenomena; which decreased 

resistance against water diffusion. Therefore, effective moisture 

diffusivity increased in subsequent falling rate drying compared 

with untreated samples. Enhancement of EMDC and diffusion rate 

of water molecules during drying led to improvement of quality 

characteristics of dried product (Shishir et al., 2019). 

3.2. Kinetic modeling and selection of the best model 

Nonlinear regression analysis was performed based on ten 

different drying models for GAD pretreated saffron. The values of 

the constants and statistical parameters of each model were 

obtained through fitting the experimental data to the models (Table 

3). The best fitted models were selected based on the highest value 

of R2 and lowest value of SSE, χ2, and RMSE. The results indicated 

that the Two-term, Midilli and Kucuk and Wang–Singh models 

were more accurate among others for predicting the thin layer-

drying process of saffron. According to the results, the Newton 

model was less consistent with experimental data. The moisture 

ratio curves of saffron stigma as a function of drying time for 

experimental data versus the data derived from Two-term, Midilli 

and Kucuk and Wang–Singh models were shown in Fig. 3. 

Experimental results were obtained from samples subjected to 30s 

GAD pretreatment and dried at temperature of 60⁰C and hot-air 

velocity of 1.5 m/s. As it can be observed, the curves derived from 

Two-term, Midilli and Kucuk and Wang–Singh models are more 

consistent with obtained data, than that from Newton's model. Fig. 

4 indicated the differences between the moisture ratios obtained 

from the experimental data against the moisture ratios predicted by 

Two-term, Midilli and Kucuk and Wang–Singh models.  

Akhondi et al. (2011) have investigated the effect of six 

temperatures for drying thin layer of saffron in infrared dryer 

considering four models including Lewis, Handerson and Pabis, 

Page, and Midilli and Kucuk in which, Midilli and Kucuk model 

had higher accuracy. Mortezapour et al. (2014) used 11 different 

thin-layer models to describe the drying behavior of saffron stigma 

in heat pump assisted hybrid photovoltaic-thermal solar dryer. 

Their results showed that the two-term model was the best model to 

describe the drying characteristics.  

3.3. Effective moisture diffusivity 

In order to determine the EMDC, the natural logarithm of MR 

versus time was taken into account. EMDC values were calculated 

according to Fick's second law by using Eq. (8). 

The values of EMDC and coefficient of determination as a 

function of pretreatment time are shown in Table 4. The results 

indicated that the highest value of EMDC, i.e., 9.1139 × 10-9 m2/s, 

was achieved at 60s of pretreatment time, and the lowest value was 

contributed to the control sample, which was 8.7013 × 10-9 m2/s.  

The cold plasma pretreatment affected the mass transfer (increased 
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the effective moisture diffusivity) during the drying process and its 

effect is more evident at higher pretreatment times especially due to 

the reaction of active species of plasma with surface of saffron 

stigmas. There is no study done on the effect of plasma 

pretreatment on the effective moisture diffusivity. However, the 

effect of temperature and air velocity in hot-air drying is studied 

widely. In addition, the EMDC estimated in their study was in the 

range of 1.5658 × 10-6 – 9.5024 × 10-6 m2/s. 

 

 

 

 

 
Fig. 4. Comparison between the actual (experimental) moisture ratio and the moisture ratio predicted by the three models Two-term, Midilli and Kucuk and 

Wang–Singh respectively for pretreatment (a) control, b) 15, c) 30, d) 45 and, e) 60 s. 
 

 

 
 

 

 
Table 4. Effective moisture diffusion coefficient from Fick’s second law at different pretreatment times of atmospheric cold plasma process. 

Pretreatment conditions (s) Effective diffusion coefficient (m2/s) Coefficient of determination (R2) 

0 (Control) 8.7013 ×10-9 0.9934 

15 8.8566 ×10-9 0.9987 

30 9.0905 ×10-9 0.9972 

45 9.0948 ×10-9 0.9924 

60 9.1139 ×10-9 0.9490 

 
 

 
 

 

4. Conclusion 

The results revealed that the increase in the pretreatment time 

led to an increase in effective moisture diffusion, enchantment of 

drying rate, and the decrease in drying time. Irradiation, especially 

in a long period, may increase the number of pores on the cell wall 

and cause cracks on the surface of stigmas. This phenomenon led to 

improve in the rate of outflowing water from the crop. The 

statistical analysis was performed on ten chosen models and the 

results indicated that the Two-term, Midilli and Kucuk and Wang–
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Singh models were the most accurate models that fitted well with 

the obtained data. 
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