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Abstract

:

This present study investigated thin-layer drying characteristics of dried apple slices for a range of temperatures from 40 °C to 80 °C at a constant drying time of 10 h under infrared (IR) and hot air oven (OV) drying methods. The fresh apples were cut into a cylindrical size of thickness of 8.07 ± 0.05 mm and a diameter of 66.27 ± 3.13 mm. Fourteen thin-layer mathematical models available in the literature were used to predict the drying process. The goodness of fit of the drying models was assessed by the root mean square error (RMSE), chi-square (χ2), coefficient of determination (R2) and modelling efficiency (EF). The results showed that the lightness and greenness/redness of the dried sample, total colour change, chroma change, colour index, whiteness index, bulk density, final surface area and final volume significantly (p-value < 0.05) correlated with the drying temperature under IR. Under OV, however, only the final surface area and bulk density of the dried samples showed significant (p-value < 0.05) with the drying temperature. Shrinkage values for OV and IR methods showed both increasing and decreasing trends along with the drying temperatures. The Weibull distribution model proved most suitable for describing the drying processes based on the statistical validation metrics of the goodness of fit. In future studies, the combined effect of the above-mentioned drying methods and other drying techniques on apple slices among other agricultural products should be examined to obtain a better insight into the drying operations and quality improvement of the final product for preservation and consumer acceptability.
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1. Introduction


Apple (Malus domestica Borkh) belongs to the Rosaceae family which is the fourth most consumed fresh fruit worldwide due to its flavor and high nutritional value [1,2,3,4]. It can be eaten in various forms such as dried, juice, jam or marmalade [5,6]. The regular consumption of apples prevents neurodegenerative diseases and reduces the risk of asthma [4,7,8,9].



The high moisture content of stored foods such as apples is the primary cause of storage mould growth [10]. Drying of agricultural products is done to reduce the moisture content through evaporating and sublimation processes, including heat and mass transfer mechanisms [10,11,12,13,14,15]. It inhibits microbial, enzymatic and quality decay [13,15,16]. It can also impact the quality, texture and nutritional value of the final product and increase the shelf life [6,13,15]. Consumers’ preference for dried products is based on their physical qualities such as colour, shape, aroma and appearance [15,17].



In the literature, several studies have been conducted on the thin-layer drying characteristics of fruits and vegetables using different drying methods [4,10,11,13,18,19,20,21,22,23,24,25,26,27,28,29]. Thin-layer drying is the procedure of drying one single layer of particles or slices of a product [30]. For instance, Aral and Bese [16] studied the thin-layer drying characteristics of hawthorn fruit using a convective dryer at different air temperatures between 50 °C and 70 °C and air velocities between 0.5 and 1.3 m/s. The authors found that the drying time decreased with increasing air temperature and velocity. Jafari et al. [11] examined the effect of the thickness of samples, air velocity and infrared power on the drying kinetics and quality attributes of blanched eggplant slices during infrared drying. Wang et al. [18] also explored the effects of three drying methods (air impingement drying, AID; infrared-assisted hot air drying, IR-HAD; hot-air drying based on temperature and humidity control, TH-HAD) on physicochemical properties, drying kinetics, microstructure and specific energy consumption of potato cubes. The authors indicated that TH-HAD had the shortest drying time followed by IR-HAD and AID. In addition, their results showed that the drying method significantly affected the overall quality of dried potato cubes. In addition, Li et al. [23] studied the drying rate, colour, texture, shrinkage and microstructure of Cistanche deserticola under hot air drying, infrared drying, freeze drying and microwave vacuum freeze drying. Their results showed that microwave freeze drying had the highest drying rate and required the shortest drying time followed by infrared drying and hot air drying.



In recent years, various drying technologies have emerged to produce dried foods. These techniques include air jet impingement combined with radio frequency and hot air drying [31]. Air jet impingement is an effective drying method in which the air impinges on the product surface at high velocity by removing thermal boundary layers of moisture and thus increases the heat transfer rate [31,32]. Radiofrequency refers to the use of electromagnetic waves of a certain frequency (3 kHz–300 MHz) to generate heat inside food materials [31,33]. Electrohydrodynamic technology is another potential method for apple drying which applies high voltage to enhance single-phase convective heat and mass transfer [34,35]. Low-frequency ultrasound, pulsed electric fields, high-pressure processing, microwaves, microwave-vacuum, ultrasound, microwave freeze drying, ultrasound-vacuum, pulsed lights, ultrasound-infrared radiation, catalytic infrared radiation and intermittent-microwave convective drying are emerging technologies or combined techniques for drying agricultural products [18,21,23,36,37,38,39,40,41,42,43].



Drying models are useful in the design, construction, process optimization and for predicting the drying behaviour under given processing conditions [15,30]. Some studies have been reported on the thin-layer drying kinetics and mathematical modeling of apple varieties such as Royal Gala, Golab, Golden, Organic, Granny Smith, Starkrimson, Florina and Golden Delicious [13,15,30,44,45,46,47,48]. Menges and Ertekin [44] studied the effect of drying air temperature and velocity on golden apples using a laboratory dryer. The authors applied fourteen thin-layer drying models to describe the obtained experimental drying curves. Sacilik and Elicin [13] examined the effect of drying air temperature and slice thickness on the drying characteristics and quality parameters of dried organic slices in a convective hot air dryer. The authors applied ten thin-layer drying models to the experimental drying curves. Meisami-asl et al. [45] studied thin layer drying kinetics of apple slices (Golab variety) at different temperatures, velocities and thickness using a convective dryer. The authors applied twelve different thin-layer drying models to describe the experimental drying curves. Zhu et al.’s [46] study investigated the effects of processing factors on the blanching and dehydration characteristics of apple slices exposed to simultaneous infrared dry-blanching and dehydration with intermittent heating. The authors established mathematical relationships between processing factors and product quality by using empirical modeling methods. Blanco-Cano et al. [30] described the thin-layer drying kinetics of Granny Smith apples by thermogravimetric analysis of the drying process with variable drying temperatures. The authors applied eleven different thin-layer drying equations to the experimental drying curves. Das and Akpinar [47] investigated the thermal performance of a solar air dryer with a solar tracking system of Golden Delicious cut apple slices of 14 mm thickness. The authors [47] applied nine thin-layer drying models to describe the drying curves. Aradwad et al. [15] studied the effect of drying and colour kinetics, texture, rehydration and microstructure on dried apple slices using infrared and hot air drying techniques. The authors [15] applied nine mathematical models to describe the drying behaviour. The authors [15] further indicated that drying time, colour change and energy consumption were lower in infrared drying than in hot air drying.



In this present study, oven drying (OV) also called convective drying or hot air drying (HAD) and infrared drying (IR) are considered. OV/HAD is one of the most commonly used drying methods for agricultural products due to its many advantages, including simplicity in design, ease of operation, low operating cost and operation with a wide range of applicability [6,15,25,49,50,51,52,53,54]. However, its disadvantages are extensive, including drying time, variable temperature exposure, material hardening and significant loss of aroma, colour, texture and flavor [15,55]. On the other hand, IR drying is considered a promising method of food dehydration in which IR electromagnetic radiation impinges on the exposed material and is absorbed at the surface based on the absorptivity of the material [18,49]. IR increases the moist material temperature and evaporates its moisture by action of infrared wavelength radiation from a source that interacts with the internal structure of the product [56]. It is energy efficient, environmentally friendly and characterized by the homogeneity of heating, a high transfer rate, a low drying time, low energy consumption, a higher degree of process control and improved product quality and food safety [15,57]. The use of infrared heating for food and ornamental plant drying keeps growing [15,57,58]. Particularly, for apple drying, few published works have addressed the use of IR in comparison to other drying methods such as OV [14,15,59,60]. However, continuous studies on apples drying under various drying conditions are needed for process optimization and to advance the literature knowledge. Usually, the standard hot air oven drying method is not equipped with an in-built data acquisition software. Monitoring the sample weight manually affects the drying process. The drying process enables determination of moisture content of a given sample by evaporating its free water and other components. The sample’s moisture content is determined by means of precise weighing carried out before and during the process [58]. The current research provides information on the data acquisition on the hot air oven drying process in comparison with the infrared drying process with the data collection function. Therefore, this present study aimed to investigate the drying kinetics, colour measurements and mathematical modeling of red delicious apple slices under infrared (IR) and hot air oven (OV) drying methods at different drying temperatures at a constant drying time of 10 h. The results were compared with published studies on the thin-layer drying of different apple varieties under hot air oven and infrared drying methods.




2. Materials and Methods


2.1. Sample and Drying Methods


Fresh whole red delicious apples (Figure 1a) were purchased from a supermarket in Prague, Czech Republic. The samples were stored in the refrigerator at 5 °C. Before the experiments, the samples were removed and allowed to cool to a laboratory temperature of 24.26 ± 0.50 °C and humidity of 41.6 ± 2.42%. A slicer was used to cut the fresh apples into a cylindrical size of thickness of 8.07 ± 0.05 mm and diameter of 66.27 ± 3.13 mm. The dimensions (diameter and thickness) of the fresh and dried apple sliced samples were accurately measured using a digital calliper with an accuracy of 0.01 mm. The mass of the fresh and dried apple sliced samples was measured using a digital balance with an accuracy of 0.01. Infrared and hot air oven equipment was used to dry the freshly sliced apple samples (Figure 1b–d) at different drying temperatures from 40 °C to 80 °C with 10 °C intervals. The standard hot air oven (MEMMERT UF55m GmbH + Co. KG, Buechenbach, Germany) using hot air and the moisture analyser Radwag MA 50/1.R (Warsaw, Poland) were used for the drying experiments of the freshly sliced apple samples. For the hot air oven drying equipment, custom measuring equipment based on Radaxa Rock Pi 4 was used. Samples of weight measurement between 0 and 100 g sensor via HX711 AD converter (AVIA, Shenzhen, China) with a software temperature compensation was used for the weight data recording, and a digital sensor DS18B20 (Maxim Integrated Products GmbH, Landsberger, Munich, Germany) was used for the temperature monitoring inside the hot air oven. The moisture analyser is designed to test moisture content by heating the samples, which is done using an infrared (IR) emitter, a halogen or a metal heater [58]. The weighing pan dimensions are 90 mm diameter and 8 mm height. The maximum sample weight and height of the equipment are 50 g and 20 mm. The maximum drying temperature range is 160 °C. The power consumption is 4 W and heating module power is 450 W. The drying method was set on the fast mode. The drying equipment is programmed for the temperature, time and time interval for the weight measurement during the drying process. The drying process completes automatically for the given time setting and the data are stored.




2.2. Colour Analysis


The colour values of the fresh and dried apple slices at the different drying temperatures were measured using the RGB colour analyser Voltcraft Plus RGB-2000 (Voltcraft, Lindenweg 15, D-92242 Hirschau, Germany). The RGB (red, green and blue) values were converted to lab values using an online converter. The total colour change (ΔE), chroma (ΔC), colour index (CI), whiteness index (WI), browning index (BI) and hue angle (Hue°) of the fresh and dried sliced apples under different drying temperatures for both infrared and hot air oven methods were calculated using Equations (1) to (10) [11,16,20,23,27,28,35,48,51,57,61,62,63,64,65,66].


  Δ E =        L   O   *   −   L   *       2   +       a   O   *   −   a   *       2   +       b   O   *   −   b   *       2     



(1)






  Δ C =        a   O   *   −   a   *       2   +       b   O   *   −   b   *       2     



(2)






  C I =   1000 ·   a   *       L   *   ·   b   *      



(3)






  W I = 100 −      100 −   L   *       2   +   a   * 2   +   b   * 2     



(4)






  B I =     100 ( x – 0.31 )     0.17    



(5)






  x =   (   a   *   + 1.75 ·   L   *   )   ( 5.645 ·   L   *   +   a   *   − 3.012 ·   b   *   )    



(6)






  H u e ° =   t a n   − 1         b   *       a   *        



(7)




(when     a   *   > 0   a n d     b   *   ≥ 0 ; 0 ° < H u e < 90 ° )  


  H u e ° =   180 + t a n   − 1         b   *       a   *        



(8)




(when     a   *   < 0   a n d     b   *   ≥ 0 ; 90 ° < H u e < 180 ° )  


  H u e ° =   180 + t a n   − 1         b   *       a   *        



(9)




(when     a   *   < 0   a n d     b   *   < 0 ; 180 ° < H u e < 270 ° )  


  H u e ° =   360 + t a n   − 1         b   *       a   *        



(10)








	
(If     a   *   > 0   a n d     b   *   < 0 ; 270 ° < H u e < 360 ° )  



	
where     L   O   *    ,     a   O   *     and     b   O   *     represent the fresh samples, whereas     L   *   ,       a   *     and     b   *     represent the dried samples. The     L   *     colour parameter is in a range from 0 (blackness) to 100 (whiteness). The     a   *     parameter is from   −   a   *     (greenness) to +    a   *     (redness) and the     b   *     parameter is from   −   b   *     (blueness) to +    b   *     (yellowness). The chroma (C) indicates the colour’s saturation or purity [11,16,61,67].
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Figure 1. Two fresh samples of whole red delicious apples (a), freshly sliced sample (b), infrared dried sliced sample (c) and hot air oven-dried sliced sample (d) at a drying temperature of 80 °C [61]. 
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2.3. Dry Basis Moisture Content


The dry basis moisture content     M   t     of the samples was calculated using Equation (11) [18,66,68].


    M   t   =       W   t   − G     G    



(11)




where       M   t     is the dry basis moisture content of the sample at the moment of drying time t, (g/g);     W   t     is the total mass of sample (g) at the moment of drying time t and   G   is the mass of dry matter (g).




2.4. Moisture Ratio


The moisture ratio MR was calculated using Equation (12) [66,68,69].


  M R =     M   t       M   o      



(12)




where       M   o     is the initial dry-basis moisture content (g/g).




2.5. Rehydration Ratio


The rehydration ratio RR (g/g) was carried out according to the published procedure [62,65,66,70]. Following the procedure, the weighted dehydrated samples were dipped into a beaker of hot water at 80 °C for 15 min. The rehydrated samples were filtered over a screen for 2 min and thereafter were blotted with an absorbent paper and then weighted again. The RR of the dried samples was calculated using Equation (13).


  R R =     W   r s       W   d s        



(13)




where       W   r s     is the weight of the rehydrated sample (g) and     W   d s     is the weight of the dried sample (g). The rehydration capacity measures the physical and chemical changes that occur in the product during the drying process [16].




2.6. Shrinkage


In a drying process, the shrinkage   S K   (%) refers to the volume reduction or the change in selected dimensions due to the moisture removal from the sample structure [31,62,66,67]. The shrinkage of the samples was calculated using Equations (14) to (16) [71,72].


  S K =       V   O   −   V   f       V   O       × 100  



(14)




where       V   O     is the initial volume of the fresh sample (mL) and     V   f     is the final volume of the dried sample (mL).


    V   O   = π         D   O     2       2   ·   t   O    



(15)






    V   f   = π         D   f     2       2   ·   t   f    



(16)




where     D   O     and     D   f     and     t   O     and     t   f     are the initial and final diameters (mm) and thicknesses (mm) of the sample.




2.7. Bulk Density


The bulk density (g/mL) of the dried samples was calculated using Equation (17) [62,66,73].


    ρ   b u l k   =   m   V    



(17)




where   m   is the weight of the dried sample (g) and   V   is the volume of the dried sample (mL).




2.8. Surface Area


The surface area A (mm2) of the fresh and dried sliced samples was calculated using Equation (18) [17,66].


  A = 2 π r   r + h    



(18)




where   r   is the radius (mm) and   h   is the thickness (mm) of the fresh and dried samples.




2.9. Applied Mathematical Models to the Drying Curves


The mathematical models applied to the drying curves of dried apple sliced samples under infrared and hot air oven drying temperatures and methods are given in Table 1.




2.10. Models Fitting of Experimental Drying Curves


The experimental drying curves of the sliced apple samples at different drying temperatures under infrared and hot air oven methods (Figure 2) were fitted based on the thin-layer mathematical models described in Table 1. The function curve fit from the Python library scipy.optimize was used to generate the coefficients of the models.




2.11. Validation Metrics for Fitted Mathematical Models


The root mean square error (RMSE), reduced chi-square (χ2), coefficient of determination (R2) and modelling efficiency (EF) as described in Equations (19) to (22) were used to evaluate the suitability of the thin-layer mathematical models for describing the obtained drying curves [23,25,27,44,45,77,87,88]. The RMSE gives the deviation between the predicted and experimental values, and it is preferred to tend to zero. The reduced chi-square is the mean square of the deviations between the experimental and predicted values of the models which measures the goodness of fit. The R2 and the EF also measure the ability of the model to predict the drying behaviour of the product and its highest value is one.


  R M S E =        ∑  i = 1   N      ( M R   p r e ,   i   −   M R   e x p ,   i     )   2     N − n     



(19)






    X   2   =     ∑  i = 1   n        ( M R   p r e ,   i   −   M R   e x p ,   i   )   2       N − n    



(20)






    R   2   =     ∑  i = 1   N      ( M R   i   −   M R   p r e ,   i   ) (   M R   i   −   M R   e x p ,   i   )          ∑  i = 1   N        ( M R   i   −   M R   p r e ,   i   )   2           ∑  i = 1   N        ( M R   i   −   M R   e x p ,   i   )   2           



(21)






  E F =     ∑  i = 1   n        ( M R   i , e x p   −   M R     i , e x p   m e a n     )   2     −   ∑  i = 1   n        ( M R   i , p r e   −   M R   i , e x p   )   2         ∑  i = 1   n        ( M R   i , e x p   −   M R     i , e x p   m e a n     )   2        



(22)




where     M R   e x p ,   i     is the measured moisture ratio,     M R   p r e ,   i     is the predicted moisture ratio, N is the number of observations and n is the number of constants in the drying model.




2.12. Statistical Analyses


The experiments were repeated twice and the data were presented as the means, standard deviation and percentage coefficient of variation. The data were also subjected to correlation and single-factor ANOVA analyses at a 95% confidence interval using Statistica software, version 13 [89].





3. Results and Discussion


3.1. Calculated Parameters under Drying Temperatures and Methods


The mean, standard deviation and percentage coefficient of variation of the calculated parameters of fresh and dried sliced apple samples under the infrared (IR) and hot air oven (OV) drying methods at drying temperatures of 70 °C and 80 °C are given in Table 2 and Table 3. The results of the drying temperatures between 60 and 40 °C are also provided in the Supplementary Material (Tables S1–S3). Lower values of the standard deviation to the mean or lower percentage coefficient of variation are based on the assumption that observations follow normal or symmetrical statistical distribution [90,91]. The graphical descriptions of the calculated parameters are shown in Figure 2, Figure 3 and Figure 4 and the Supplementary Material (Figures S1 and S2).




3.2. Evaluation of Colour Parameters


Colour is one of the major quality attributes that specify the quality of the final product and thus influences consumer preference. When samples of fruits and vegetables are subjected to heat treatments non-enzymatic browning and pigment destruction can cause colour changes [11,16,26,28,65]. Cruz et al. [92] as cited in Ghinea et al. [48] stated that the change in colour during drying is associated with the development of browning reactions which are attributed to the activity of the enzyme polyphenol oxidase. In this study, the general observation was that the values of the calculated colour parameters for fresh samples:     L   O   *    ,     a   O   *     and     b   O   *     and dried samples:     L   *   ,       a   *     and     b   *     representing the lightness, greenness/redness and blueness/yellowness increased and decreased along with the drying temperatures between 40 and 80 °C for both infrared (IR) and hot air oven (OV) drying methods. Mostly, lower values were observed at 80 °C for IR compared to OV which showed higher values. The total colour change (ΔE), chroma (ΔC), colour index (CI), whiteness index (WI) and browning index (BI) showed both increasing and decreasing trends with the drying temperatures for IR and OV drying methods. For the drying temperatures between 60 °C and 80 °C, all the colour indicators were lower under IR method compared to OV method which showed higher values. However, for the drying temperatures of 40 °C and 50 °C, all the colour indicators were higher under IR method compared to OV method which produced lower values.



In comparison with other published studies, for instance, Izli et al. [28] found that the colour parameters of     L   *       and     b   *     of dried samples of kumquat slices decreased with an increase in drying temperatures between 50 °C and 80 °C, whereas     a   *     values showed an increment with an increase in drying temperatures. Again, Izli et al. [28] under the same processing conditions reported a total colour change (ΔE) of dried kumquat slices ranging from 14.82 to 30.52. In this study, however, the ΔE values ranged from 19.76 ± 16.07 to 38.10 ± 9.71 uder OV. High values of ΔE were observed at high drying temperatures which were in agreement with the result of Lechtanska et al. [93], who reported the total colour change of dried green pepper in a range between 9.41 ± 0.33 and 13.30 ± 0.34. The authors [93] mentioned that the intensity of green pepper colour change depended mainly on the duration of its exposure to high temperatures during drying. Bozkir and Ergun [62] also reported similar values for dried persimmon fruits with ultrasound and osmotic dehydration pretreatments using hot air drying. Chroma (ΔC) values indicate the purity of colour as reported by Izli et al. [28]. The authors [28] found a decreasing trend of chroma values with an increase in drying temperatures for dried kumquat slices, indicating its colour instability. The hue angle values of the dried apple sliced samples for OV were higher than the IR at all drying temperatures. The values ranged from 48.66 ± 7.26 to 81.48 ± 1.77°. The hue angle is a parameter that is commonly used for the characterization of colour in edible products [11]. Bozkir and Ergun [62] reported hue angle values between 32.72 ± 0.19 and 34.31 ± 0.96° for dried persimmon fruits. Jafari et al. [11] also reported hue angle values between 76.11 and 89.99° for fresh and dried eggplant slices under infrared drying. The authors observed that the hue angle values decreased within the drying processes (slice thicknesses, air velocities and infrared powers) where the decrease implied a decrease from a green-yellow with a hue angle of ≅90° to a yellow-orange with a hue angle < 90 °. Izli et al. [28] reported similar observations of chroma values for hue angle values. The authors indicated that the reduction in hue angle values of dried samples of kumquat slices is an expression of more browning than yellowness. The browning index values under IR and OV drying methods did not show a linear function with the drying temperatures. However, in a convective hot air dryer study by Sacilik and Elicin [13] as cited in Izli et al. [28], it was indicated that the browning of dried organic apple slices increased with increasing drying temperatures which was in agreement with the study by Ghinea et al. [48]. The whiteness index (WI) corresponds to the product discolouration and lesser browning [64,65,94]. It was observed that WI values of the dried apple slices under the IR were lower than OV for all drying temperatures except at 40 °C which was the opposite. The study by Ghinea et al. [48] also showed that WI values of different varieties of dried apple slices differed among the two drying methods (oven and dehydrator). The column plots of the colour parameters of dried apple sliced samples under IR and OV drying temperatures are illustrated in Figure 2 and Figure 3.




3.3. Rehydration Ratio and Shrinkage


The rehydration ratio values increased linearly at drying temperatures from 40 °C to 70 °C but decreased at 80 °C for OV. However, for IR, the values increased from 40 °C to 50 °C but decreased from 50 °C to 70 °C with a slight increase at 80 °C. The values ranged from 1.33 ± 0.29 to 2.05 ± 0.03. Similar results were reported by Aral and Bese [16], Bozkir et al. [22] and Bozkir and Ergun [62] for dried hawthorn fruit under different drying temperatures between 50 and 70 °C and air velocities between 0.5 and 1.3 m/s and dried persimmon fruit samples under ultrasound and osmotic dehydration pre-treatments with hot air drying. Aral and Bese [16] found that the rehydration ratio of dried samples at higher drying temperatures was higher than those dried at lower drying temperatures. The explanation was that dried samples at higher temperatures have a more porous structure than dried samples at lower temperatures and this porosity allows the higher water [16]. The rehydration ratio of dried samples is dependent on the extent of the structural damage during drying [95]. A higher rehydration ratio leads to a smaller degree of structural damage to the dried product with a better quality [49]. Baysal et al. [96] reported a higher rehydration capacity of infrared-dried carrots as compared to that dried using hot air or microwave, as cited in [97]. Vishwanathan et al. [97] in a separate study reported uniform and rapid heating by infrared radiation and the absence of case hardening was responsible for a greater degree of rehydration. The authors [97] further indicated that rapid heating with infrared and quicker diffusion of water vapour within the material could facilitate the sample to retain its porous structure, thereby increasing its ability to absorb a higher amount of water during rehydration.



Shrinkage values showed both increasing and decreasing trends for OV and IR methods along with the drying temperatures. A lower value of 39.82 ± 2.67% was observed at 80 °C for IR compared to the OV, where a higher value of 57.28 ± 4.75% was observed. However, the highest shrinkage value of 57.80 ± 0.47% was observed for OV at 50 °C. There was no direct effect of the drying temperatures on the shrinkage of dried apple sliced samples under OV and IR. Sturm et al. [51] indicated that the degree of shrinkage depends directly on the temperature, humidity and velocity levels applied. The authors [51] further explained that when air temperature is kept constant, shrinkage is significantly higher than the specimen which is initially dried at very high air temperatures. This is because slow drying reduces internal stresses which consequently results in increased shrinkage. However, applying high temperatures increases internal stresses but at the same time, the resulting fast drying leads to a mechanical stabilization of the surface [51,98,99]. Furthermore, Aral and Bese [16] reported that the shrinkage of dried hawthorn fruit increased with decreasing drying temperature, which was attributed to the slow drying rate at low temperatures and moisture distribution which was uniform in the fruit. Furthermore, the authors [16] stated that at higher temperatures, the drying rate is high and leads to a mechanical stabilization of the surface which limits the degree of shrinkage. Dhurve et al. [100] indicated that the shrinkage of dried watermelon seeds using a convective dryer increased with increased drying temperature. The column plots of the rehydration ratio and shrinkage of the dried apple sliced sample at different drying temperatures for OV and IR are displayed in Figure 4.




3.4. Bulk Density, Final Area and Final Volume


The bulk density of the dried apple sliced samples using OV decreased from 40 °C to 70 °C with a slight increase at 80 °C. However, compared to the IR, the values decreased from 40 °C to 50 °C and then at 80 °C but a linear increase was observed from 50 °C to 70 °C. The values ranged from 0.19 ± 0.01 to 0.46 ± 0.04 g/mL. Bozkir et al. [22] and Bozkir and Ergun [62] also reported bulk density values between 0.891 ± 0.018 to 1.006 ± 0.015 g/mL for dried persimmon fruit samples. The final area of the dried apple sliced samples for the OV method at the different drying temperatures linearly increased compared to the IR, where a slight linear trend was observed between 60 °C and 80 °C. The values of the final area of the dried apple sliced samples for OV ranged from 5707.06 ± 1528.09 to 7625.47 ± 828.76 mm2 whereas the IR values ranged from 5162.86 ± 502.05 to 8795.89 ± 1003.75 mm2. The final volume also increased from 50 to 70 °C but then decreased at 80 °C for OV whereas a slight increase was observed for IR from 60 to 80 °C with a decrease observed from 50 to 60 °C. The volume values ranged from 11.51 ± 0.33 to 17.83 ± 1.95 mL. Cetin et al. [17] reported the final area values between 1391.21 and 2767.67 mm2 and final volume values between 4184.06 and 6611.78 mm3 for Red Chief variety apple at different drying conditions (slice thicknesses of 5 and 7 mm, drying times of 9 and 10 h and heating temperatures of 50 and 60 °C).




3.5. Experimental Drying Curves


The experimental drying curves are described in Figure 5a–d. The drying curves showed that the drying temperature influenced drying rates. At all drying temperatures, higher moisture removal was observed for IR compared to the OV. For both IR and OV drying methods, the drying time of 10 h was not enough to dry the sliced apple sample at 40 °C to reach the equilibrium sample weight or moisture content. The equilibrium moisture content was reached for the drying temperatures from 50 °C to 80 °C (Figure 5a,b). The observed moisture content values were below 6 g/g dry basis. According to Wang et al. [49], Murugesan et al. [101] and Yu et al. [102], during the drying process, the moisture transportation from the material to the drying medium is driven by the moisture concentration difference between the drying medium and the material surface, and the total drying time is predominantly governed by the relative humidity of the drying medium. The authors further stated that a lower relative humidity of the drying medium results in a shorter drying time. The obtained drying curves were in agreement with some published studies on the drying of various agricultural products [18,23,25,37,43,57,94,103,104,105,106,107,108,109].




3.6. Model Fitting of Drying Curves and Validation Metrics


From the drying curves thin layer mathematical models mentioned in Table 1, the page, logarithmic and Weibull distribution models best described the experimental drying curves of the dried apple sliced samples at the drying temperatures between 40 and 80 °C under infrared and hot air oven drying methods. The models’ coefficients/constants at 70 and 80 °C for describing the drying curves are presented in Table 4a–c. The estimated values for the drying temperatures between 60 and 40 °C are also presented in the Supplementary Material (Table S4a–c). The Weibull distribution model was found most suitable for describing the drying processes of dried apple slices at different drying temperatures (Figure 6). The goodness of fit of the drying models was assessed by the root mean square error (RMSE), chi-square (χ2), coefficient of determination (R2) and modelling efficiency (EF). The smaller the RMSE and χ2 values and the greater the R2 and EF values the better the goodness of fit of the model to the experimental drying curves [16,45,67,103,104,108,110]. Aral and Bese [16] fitted their experimental data on the thin layer hawthorn fruit under convective drying with eleven different mathematical models. The authors indicated that Midilli et al.’s [84] model was the most appropriate for explaining the drying behaviour of hawthorn fruit sliced samples. Similar results were found by Meisami-asl et al. [45] on thin layer drying kinetics of apple slices (variety Golab) at different temperatures between 40 and 80, velocities at 0.5 m/s and thickness of thin layer between 2 and 6 mm; Menges and Ertekin [44] on golden apples at drying air temperatures of 60, 70 and 80 and velocities of 1.0, 2.0 and 3.0 m/s and Aradwad et al. [15] on apple slices under the influence of infrared power wattage and hot air drying temperatures. Furthermore, Karaaslan et al. [19] found the Weibull distribution as the best descriptive model for all the drying experiments of thin layer grape fruit samples under the different drying methods except for the combined microwave and convective drying where the Alibas model was the best descriptive model. Blanco-Cano et al. [30] found that Wang–Singh equation precisely described the drying process of Granny Smith sliced apples at variable drying temperatures.




3.7. Evaluation of Linear Correlation and ANOVA Analyses


The correlation results for the calculated parameters versus the drying temperature of the sliced apple samples dried under infrared and hot air oven drying methods are provided in Table 5. All the calculated parameters correlated both positively and negatively under both drying methods. However, under the infrared drying, only the lightness     L   *    , greenness/redness     b   *     of the dried sample, total colour difference (ΔE), chroma (ΔC), colour index (CI), whiteness index (WI), bulk density     ρ   b u l k     ( g / m L )  , final area of the dried sample     A   f     and the final volume of the dried sample     V   f     were significantly affected (p-value < 0.05) by the drying temperature. This means that whereas the total colour parameters increased along with the drying temperature, the whiteness index and the bulk density decreased. Regarding the hot air oven drying, all the calculated parameters were not significantly affected (p-value > 0.05) by the drying temperature except the bulk density and the final area of the sample which showed significance. The summary of the ANOVA analysis is shown in Table 6. The ANOVA results revealed that for all the calculated parameters, only the lightness of the dried sample L∗, total colour difference (ΔE), colour index (CI), whiteness index (WI), bulk density     ρ   b u l k     (g/mL), final area of the dried sample     A   f     (mm2) and the final volume of the dried sample     V   f     (mL) were significant (p-value < 0.05) against the effect of the drying temperature. In comparison with the hot air oven drying method, only the hue angle, bulk density and rehydration capacity were statistically significant (p-value < 0.05). The detailed ANOVA univariate results of the significant parameters are presented in the Supplementary Material (Tables S5 and S6), respectively.





4. Conclusions


The drying curves of dried red delicious apple slices were described under infrared (IR) and hot air oven (OV) drying methods for drying temperatures between 40 and 80 °C at a constant drying time of 10 h. Among the fourteen thin-layer mathematical models examined, the Weibull distribution, page and logarithmic models best described the experimental drying curves. However, the Weibull distribution model was found most suitable. The suitability or the goodness of fit of the Weibull distribution model to the experimental drying curves was assessed by the smaller root mean square error (RMSE) and chi-square (χ2) as well as greater coefficient of determination (R2) and modelling efficiency (EF). The total colour change (ΔE), chroma (ΔC), colour index (CI), whiteness index (WI) and browning index (BI) showed both increasing and decreasing trends with the drying temperatures for IR and OV drying methods. All the colour indicators under IR method were higher compared to OV method. The rehydration ratio values between 1.33 ± 0.29 and 2.05 ± 0.03 increased linearly at drying temperatures from 40 °C to 70 °C but decreased at 80 °C for OV. However, for IR, the values increased from 40 °C to 50 °C and then decreased from 50 °C to 70 °C with a slight increase at 80 °C. Shrinkage values showed both increasing and decreasing trends for OV and IR methods along with the drying temperatures. There was no direct effect of the drying temperatures on the shrinkage of dried apple sliced samples under OV and IR. The bulk density of the dried apple sliced samples under OV decreased from 40 °C to 70 °C with a slight increase at 80 °C. However, compared to the IR, the values decreased from 40 °C to 50 °C and then at 80 °C but a linear increase was observed from 50 °C to 70 °C. The values ranged from 0.19 ± 0.01 to 0.46 ± 0.04 g/mL. The final area of the dried apple sliced samples for the OV method at the different drying temperatures linearly increased compared to the IR, where a slight linear trend was observed between 60 °C to 80 °C. The final volume also increased from 50 to 70 °C but then decreased at 80 °C for OV whereas a slight increase was observed for IR at 60 to 80 °C with a decrease observed from 50 to 60 °C. All the calculated parameters correlated both positively and negatively under OV and IR drying methods. The correlation values ranged from −0.216 to 0.853. The ANOVA analysis showed that only the lightness of the dried sample     L   *    , total colour difference (ΔE), colour index (CI), whiteness index (WI), bulk density     ρ   b u l k     (g/mL), final area of the dried sample     A   f     (mm2) and the final volume of the dried sample     V   f     (mL) were significant (p-value < 0.05) along with the effect of the drying temperatures. However, in comparison with the hot air oven drying method, only the hue angle, bulk density and rehydration capacity were statistically significant (p-value < 0.05) with the drying temperature. The results of the present study provide relevant information on sliced apple samples dried under infrared and hot air oven drying methods. Future studies would explore different and combined drying methods on physicochemical properties, drying kinetics, microstructure and specific energy consumption of different varieties of apples and other agricultural products.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pr11103027/s1, Table S1: Calculated parameters of sliced apple samples at drying temperatures of 60 °C using infrared and hot air oven drying methods; Table S2: Calculated parameters of sliced apple samples at drying temperatures of 50 °C using infrared and hot air oven drying methods; Table S3: Calculated parameters of sliced apple samples at drying temperatures of 40 °C using infrared and hot air oven drying methods; Table S4. (a): Fitting parameter values and statistical validation metrics for drying sliced apple samples at different temperatures using infrared, IR and oven, OV drying methods; (b): Weibull distribution model fitting parameter values for drying sliced apple samples at 70 °C and 80 °C drying temperatures using infrared, IR and oven, OV drying methods; (c): Statistical validation metrics for Weibull distribution model; Table S5: ANOVA univariate results of calculated parameters of sliced apple samples under the effect of infrared drying temperatures and Table S6: ANOVA univariate results of calculated parameters of sliced apple samples under the effect of hot air oven drying temperatures; Figure S1: Column plots of bulk density     ρ   b u l k     (g/mL);     V   O     the initial volume of fresh sample (mL) and     V   f     the final volume of the dried sample (mL) under infrared IR and hot air oven OV drying temperatures; Figure S2: Column plots of     A   O    : initial area of the fresh sample (mm2);     A   f    : final area of the dried sample (mm2);     V   O    : initial volume of the fresh sample (mL) and     V   f    : final volume of the dried sample (mL) under infrared IR and hot air oven OV drying temperatures; Figure S3: Measured and fitted curves of dried apple sliced samples under (a) infrared and (b) hot air oven drying at 60 °C, (c) infrared and (d) hot air oven drying at 50 °C, and (e) infrared and (f) hot air oven drying at 40 °C.
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Figure 2. Column plots of colour values (total colour difference (ΔE), chroma (ΔC), and colour index (CI)) of dried apple sliced samples under infrared (IR) and hot air oven (OV) drying temperatures. 
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Figure 3. Column plots of colour values (whiteness index (WI), browning index (BI) and hue angle (Hue°)) of dried apple sliced samples under infrared (IR) and hot air oven (OV) drying temperatures. 
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Figure 4. Column plots of rehydration ratio (g/g) and shrinkage   S K   (%) of dried apple sliced samples under infrared (IR) and hot air oven (OV) drying temperatures. 
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Figure 5. (a) Dry basis moisture content and (b) moisture ratio versus drying time curves under infrared (IR) and (c) dry basis moisture content and (d) moisture ratio versus drying time curves under hot air oven (OV) at different drying temperatures of dried apple sliced samples. 
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Figure 6. Measured and fitted curves of dried apple sliced samples under (a) infrared and (b) hot air oven drying at 70 °C and (c) infrared and (d) hot air oven drying at 80 °C. 
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Table 1. Selected thin layer mathematical models for drying curves description.
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	Model Name
	Model
	References





	Newton and Lewis
	   M R = e x p ( − k · t )   
	[20,45,67,74,75]



	Page
	   M R = e x p ( − k ·   t   n   )   
	[20,45,67,74,75,76]



	Modified page
	   M R = e x p     − ( k · t )   n       
	[45,75,77]



	Henderson and Pabis
	   M R = a · e x p ( − k · t )   
	[45,75,78]



	Logarithmic
	   M R = a · e x p   − k · t   + c   
	[20,45,67,75,79]



	Two-term
	   M R = a · e x p   −   k   o   · t   + b · e x p   −   k   1   · t     
	[20,45,75,80]



	Two-term exponential
	   M R = a · e x p   − k · t   +   1 − a   e x p   − k · a · t     
	[45,67,75,77]



	Wang and Singh
	   M R = 1 + a · t + b   · t   2     
	[45,67,75,81]



	Approximation of diffusion
	   M R = a · e x p   − k t   +   1 − a   e x p   − k · b · t     
	[20,45,67,75,79]



	Verma et al., 1985 [82]
	   M R = a · e x p   − k · t   +   1 − a   e x p   − g · t     
	[20,45,67,82]



	Modified Henderson and Pabis
	   M R = a · e x p   − k · t   + b ·   exp  ⁡    − g · t     +      c · e x p   − h · t     
	[45,75,83]



	Midilli et al., 2002 [84]
	   M R = a · e x p   − k ·   t   n     + b · t   
	[20,45,67,84]



	Weibull distribution
	   M R = a − b · e x p   − ( k ·   t   n   )     
	[21,85]



	Alibas
	   M R = a · e x p   ( − k ·   t   n   )   +   b · t   ) + g   
	[21,86]







MR: moisture ratio; n: number of constants in the model; k,     k   o    ,     k   1    , g and h: drying constants and a, b and c: coefficients and t: drying time (min).













 





Table 2. Calculated parameters of sliced apple samples at drying temperatures of 70 °C using infrared and hot air oven drying methods.
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Calculated Parameters

	
Infrared Drying at 70 °C

	
Hot Air Oven Drying at 70 °C




	
Mean

	
±SD

	
% CV

	
Mean

	
±SD

	
% CV






	
     L   O   *     

	
42.883

	
3.902

	
9.099

	
43.984

	
1.643

	
3.736




	
     L   *     

	
11.097

	
6.857

	
61.793

	
20.716

	
5.291

	
25.539




	
     a   O   *     

	
6.244

	
0.721

	
11.551

	
7.392

	
0.904

	
12.236




	
     a   *     

	
7.350

	
6.515

	
88.640

	
5.458

	
1.328

	
24.330




	
     b   O   *     

	
29.012

	
0.793

	
2.735

	
24.055

	
7.200

	
29.934




	
     b   *     

	
12.536

	
10.776

	
85.961

	
25.083

	
0.603

	
2.405




	
   Δ E   

	
36.773

	
7.520

	
20.449

	
24.085

	
3.370

	
13.990




	
   Δ C   

	
17.676

	
10.332

	
58.451

	
6.128

	
0.605

	
9.873




	
   C I   

	
63.254

	
36.841

	
58.244

	
10.525

	
0.384

	
3.650




	
   W I   

	
9.409

	
4.710

	
50.052

	
16.642

	
4.764

	
28.642




	
   B I   

	
275.138

	
156.695

	
56.951

	
417.610

	
243.270

	
58.253




	
   H u e °   

	
60.081

	
1.072

	
1.785

	
77.768

	
2.611

	
3.357




	
   R R   

	
1.670

	
0.144

	
8.637

	
2.053

	
0.027

	
1.332




	
   S K   

	
53.722

	
0.469

	
0.873

	
56.790

	
1.425

	
2.508




	
     ρ   b u l k     

	
0.284

	
0.027

	
9.360

	
0.315

	
0.022

	
7.008




	
     A   O     

	
9005.683

	
730.973

	
8.117

	
9368.521

	
145.169

	
1.550




	
     A   f     

	
5825.287

	
436.630

	
7.495

	
6602.650

	
165.364

	
2.505




	
     V   O     

	
30.923

	
1.714

	
5.542

	
31.021

	
0.736

	
2.372




	
     V   f     

	
14.307

	
0.648

	
4.531

	
13.399

	
0.124

	
0.927








CV: Coefficient of variation; ±SD: Standard deviation;     L   O   *    ,     a   O   *     and     b   O   *     represent fresh samples and     L   *    ,     a   *     and     b   *     represent dried samples as lightness, greenness/redness and blueness/yellowness; total colour difference (ΔE), chroma (ΔC), colour index (CI), whiteness index (WI), browning index (BI); hue angle (Hue°); rehydration ratio RR (g/g); shrinkage   S K   (%) and bulk density     ρ   b u l k     (g/mL);     A   O    : initial area of the fresh sample (mm2);     A   f    : final area of the dried sample (mm2);     V   O     is the initial volume of the fresh sample (mL);     V   f     is the final volume of the dried sample (mL).













 





Table 3. Calculated parameters of sliced apple samples at drying temperatures of 80 °C using infrared and hot air oven drying methods.
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Calculated Parameters

	
Infrared Drying at 80 °C

	
Hot Air Oven Drying at 80 °C




	
Mean

	
±SD

	
% CV

	
Mean

	
±SD

	
% CV






	
     L   O   *     

	
43.223

	
2.933

	
6.786

	
46.425

	
3.258

	
7.017




	
     L   *     

	
3.088

	
1.165

	
37.737

	
12.188

	
10.316

	
84.644




	
     a   O   *     

	
4.601

	
1.360

	
29.557

	
4.502

	
2.672

	
59.361




	
     a   *     

	
0.679

	
0.431

	
63.468

	
4.181

	
3.416

	
81.713




	
     b   O   *     

	
26.719

	
0.169

	
0.633

	
28.923

	
1.838

	
6.354




	
     b   *     

	
1.026

	
0.711

	
69.297

	
10.806

	
9.276

	
85.840




	
   Δ E   

	
47.844

	
1.046

	
2.185

	
38.810

	
9.705

	
25.006




	
   Δ C   

	
26.018

	
0.805

	
3.093

	
18.125

	
7.447

	
41.089




	
   C I   

	
240.154

	
107.063

	
44.581

	
52.216

	
46.272

	
88.616




	
   W I   

	
3.078

	
1.155

	
37.509

	
11.074

	
8.899

	
80.357




	
   B I   

	
52.496

	
20.608

	
39.257

	
186.910

	
4.467

	
2.390




	
   H u e °   

	
55.838

	
1.990

	
3.565

	
68.317

	
1.250

	
1.830




	
   R R   

	
1.699

	
0.117

	
6.893

	
1.670

	
0.234

	
13.991




	
   S K   

	
39.815

	
2.671

	
6.708

	
57.282

	
4.745

	
8.283




	
     ρ   b u l k     

	
0.187

	
0.008

	
4.088

	
0.338

	
0.009

	
2.666




	
     A   O     

	
9055.354

	
1001.409

	
11.059

	
8245.719

	
970.837

	
11.774




	
     A   f     

	
8795.898

	
1003.753

	
11.412

	
7625.466

	
828.761

	
10.868




	
     V   O     

	
29.719

	
4.558

	
15.337

	
27.149

	
3.794

	
13.976




	
     V   f     

	
17.826

	
1.950

	
10.937

	
11.507

	
0.334

	
2.898








CV: Coefficient of variation; ±SD: Standard deviation;     L   O   *    ,     a   O   *     and     b   O   *     represent fresh samples and     L   *    ,     a   *     and     b   *     represent dried samples as lightness, greenness/redness and blueness/yellowness; total colour difference (ΔE), chroma (ΔC), colour index (CI), whiteness index (WI), browning index (BI); hue angle (Hue°); rehydration ratio RR (g/g); shrinkage   S K   (%) and bulk density     ρ   b u l k     (g/mL);     A   O    : initial area of the fresh sample (mm2);     A   f    : final area of the dried sample (mm2);     V   O     is the initial volume of the fresh sample (mL);     V   f     is the final volume of the dried sample (mL).













 





Table 4. (a) Fitting parameter values and statistical validation metrics for drying sliced apple samples at 70 °C and 80 °C drying temperatures using infrared, IR and hot air oven, OV drying methods. (b) Weibull distribution model fitting parameter values for drying sliced apple samples at 70 °C and 80 °C drying temperatures using infrared, IR and oven, OV drying methods. (c) Statistical validation metrics for the Weibull distribution model.






Table 4. (a) Fitting parameter values and statistical validation metrics for drying sliced apple samples at 70 °C and 80 °C drying temperatures using infrared, IR and hot air oven, OV drying methods. (b) Weibull distribution model fitting parameter values for drying sliced apple samples at 70 °C and 80 °C drying temperatures using infrared, IR and oven, OV drying methods. (c) Statistical validation metrics for the Weibull distribution model.





	
(a)




	
Model

Name

	
     T   p     

(°C)

	
Drying Methods

	
Model Coefficients/Constants

(k, n, a, and c)

	
RMSE

	
χ2

	
R2

	
EF






	
Page *

	
70 **

	
IR *

	
k

0.005487

	
n

1.189299

	

	
0.070680

	
0.000041

	
0.999248

	
0.999992




	
OV *

	
0.001358

	
1.320076

	

	
0.124774

	
0.000338

	
0.996488

	
0.99909




	
Logarithmic *

	
70 **

	
IR *

	
a

1.077076

	
k

0.013660

	
c

−0.005972

	
0.104138

	
0.000190

	
0.996488

	
1




	
OV *

	
1.123411

	
0.006597

	
−0.057317

	
0.150237

	
0.000680

	
0.991783

	
1




	
Page *

	
80 **

	
IR *

	
k

0.010195

	
n

1.101400

	

	
0.063898

	
0.000024

	
0.999653

	
0.999259




	
OV *

	
0.001911

	
1.315627

	

	
0.094260

	
0.000146

	
0.998141

	
0.999737




	
Logarithmic *

	
80 **

	
IR *

	
a

1.053957

	
k

0.016772

	
c

0.001478

	
0.063429

	
0.000035

	
0.999205

	
1




	
OV *

	
1.113527

	
0.009167

	
−0.025581

	
0.145513

	
0.000625

	
0.991444

	
1




	
(b)




	
Model

Name

	
     T   p     

(°C)

	
Drying

Methods

	
Model Coefficients/Constants




	
k

	
a

	
b

	
n




	
Weibull distribution

	
70 **

	
IR *

	
0.004899

	
0.001273

	
−0.98763

	
1.212419




	
OV *

	
0.000938

	
−0.01397

	
−0.96946

	
1.37482




	
80 **

	
IR *

	
0.010951

	
0.004149

	
−1.01219

	
1.091566




	
OV *

	
0.001302

	
−0.00257

	
−0.96673

	
1.38421




	
(c)




	
Model

Name

	
     T   p     

(°C)

	
Drying

Methods

	
Statistical Metrics




	
RMSE

	
χ2

	
R2

	
EF




	
Weibull distribution

	
70 **

	
IR *

	
0.067883

	
0.000039

	
0.999284

	
1




	
OV *

	
0.108892

	
0.000188

	
0.997744

	
1




	
80 **

	
IR *

	
0.050042

	
0.000009

	
0.999806

	
1




	
OV *

	
0.090309

	
0.000105

	
0.998569

	
1








*: See model description in Table 1; **: Experiment 2 dataset;     T   p    : Drying temperature; RMSE: Root mean square error; χ2: chi-square; R2: Coefficient of determination and EF: Modelling efficiency.













 





Table 5. Correlation results of the effect of infrared and hot air oven drying temperatures for drying sliced apple samples.
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Calculated

Parameters

	
Infrared Drying Temperature °C

	
Hot Air Oven Drying Temperature °C




	
Correlation

Coefficient, r

	
p-Value

	
Correlation

Coefficient, r

	
p-Value






	
     L   O   *     

	
0.380

	
>0.05

	
0.419

	
>0.05




	
     L   *     

	
−0.847

	
<0.05

	
−0.281

	
>0.05




	
     a   O   *     

	
−0.316

	
>0.05

	
−0.013

	
>0.05




	
     a   *     

	
−0.620

	
>0.05

	
0.156

	
>0.05




	
     b   O   *     

	
−0.216

	
>0.05

	
0.076

	
>0.05




	
     b   *     

	
−0.799

	
<0.05

	
−0.097

	
>0.05




	
ΔE

	
0.853

	
<0.05

	
0.385

	
>0.05




	
ΔC

	
0.731

	
<0.05

	
0.172

	
>0.05




	
CI

	
0.764

	
<0.05

	
0.497

	
>0.05




	
WI

	
−0.847

	
<0.05

	
−0.335

	
>0.05




	
   B I   

	
−0.321

	
>0.05

	
0.315

	
>0.05




	
Hue°

	
−0.520

	
>0.05

	
−0.580

	
>0.05




	
RR

	
0.249

	
>0.05

	
0.554

	
>0.05




	
   S K   

	
−0.443

	
>0.05

	
0.511

	
>0.05




	
     ρ   b u l k     

	
−0.761

	
<0.05

	
−0.831

	
<0.05




	
     A   O     

	
0.420

	
>0.05

	
0.183

	
<0.05




	
     A   f     

	
0.701

	
<0.05

	
0.738

	
<0.05




	
     V   O     

	
0.499

	
>0.05

	
0.394

	
>0.05




	
     V   f     

	
0.756

	
<0.05

	
−0.002

	
>0.05








p-value < 0.05 means significant; p-value > 0.05 non-significant;     L   O   *    ,     a   O   *     and     b   O   *     represent fresh samples and     L   *   ,        a   *     and     b   *     represent dried samples as lightness, greenness/redness and blueness/yellowness; total colour difference (ΔE), chroma (ΔC), colour index (CI), whiteness index (WI), browning index (BI); Hue angle (Hue°); rehydration ratio   R R   (g/g); shrinkage   S K   (%) and   b u l k   d e n s i t y   ρ   b u l k   ( g / m L ) ;   A   O    : initial area of the fresh sample (mm2);     A   f   :   final area of the dried sample (mm2);     V   O     is the initial volume of the fr