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Abstract 1 

The present study investigated the rehydration kinetics of dried pumpkin slices issued from 2 

different drying operations, namely airflow drying (AFD), freeze-drying (FD), Vacuum Multi 3 

Flash Drying (VMFD) and Swell-drying (SD) which inserts Instant Controlled Pressure Drop 4 

(DIC) Texturing between two AFD stages (AFD+DIC+AFD). Rehydration process depends on 5 

dehydration methods. It has been noticed that the slowest rehydration process has been 6 

observed for AFD whilst VMFD, FD, and SD averred short rehydration time. Experimental 7 

rehydration curves were performed through empirical and diffusion models. Hence, it has 8 

been noticed that Weibull has provided the best rehydration fitting curve. In other hand, 9 

Fick's diffusion models were also used to describe kinetics of rehydration process. They were 10 

characterized by two effective diffusivity coefficients D����and D���� for AFD and VMFD, and 11 

three effective diffusivity coefficients in the case of FD and SD (AFD+DIC+AFD). The 12 

temperature dependence of the diffusivity coefficients was also described by Arrhenius-type 13 

relationship, with adequate activation energy levels. 14 

Keywords: rehydration; empirical models; diffusive models; mass transfer; pumpkin slices.  15 

16 
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1. Introduction 17 

Drying is one of the most conventional and largest scale processes of food preservation. A 18 

significant number of dried products are either directly consumed or used in food industry. It 19 

may preserve a high level of nutritive values of vegetables and can be used in tremendous 20 

receipts, widely defined in fresh, warm, frozen, and stir soups (Rehydration Chart©, 2016). 21 

Thus, rehydration of dried vegetable is the process which is necessary for restoring raw 22 

product properties, by soaking into water in the way that the final product can take the 23 

initial raw material characteristics (Krokida and Philippopoulos 2005). In this view, several 24 

newly food dehydration techniques were proposed during the last years. The main 25 

objectives were to allow the dried food product in preserving its initial nutrition value, in 26 

easily recovering its initial state through rehydration process, then after in reducing the cost. 27 

Accordingly, Airflow drying technique is considered as among the highest cost effective, 28 

economically viable hydration process. However, the drawbacks consist on high temperature 29 

demand for long duration, which can be the cause of final product quality deterioration 30 

(Saravacos 1967). The low product quality is mainly due to the high compact texture, 31 

generated from the shrinkage phenomenon. Moreover, the compact structure can 32 

dramatically reduce the drying rate which may cause an important thermal degradation, loss 33 

of vitamin, color and flavor (Mounir et al. 2012). 34 

Freeze-drying is defined as the dehydration operation capable to replace water by air 35 

without any shrinkage process, thus, leading to high-porosity dried material. Hence, the 36 

freeze-dried material gets the most adequate rehydration behavior (Caparino et al. 2012). 37 

Moreover, FD is generally considered as the best method for high quality dried food 38 

production (Ratti 2001). However, the drawback of this approach is the higher production 39 
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cost, caused by the high energy consumption, along the process time, leding to low 40 

efficiency (Ratti 2001; Hsu et al. 2003; Speranza et al. 2017). 41 

Recently two developed technologies have been adopted for dehydration of fruits and 42 

vegetables: The swell-drying SD, which combines the use of instant controlled pressure drop 43 

(DIC) texturing between two stages of conventional airflow drying AFD, and the Dehydration 44 

by Successive Pressure drops (DDS) or Vacuum Multi-Flash Dehydration VMFD process. 45 

These two technologies are distinguished by their capacity to handle a wide range of food 46 

products regardless, their heat sensitivity. 47 

Controlled-textured highly-poured Swell-Dried material allows to reach quickly and deeply 48 

the final drying process stage, thus reducing both the energy consumption and the 49 

manufacturing cost (Allaf et al. 2012). Moreover, the rehydration process is quickly achieved, 50 

due to porous texture. However, the availability of flavonoids and antioxidant activity are 51 

often much higher than those existing in crude raw matter (Mounir et al. 2014). 52 

Furthermore, DIC products have normally longer lifetime duration due to insects and larva 53 

absence, whereas, the storage may exceed one and even two years (Allaf and Allaf 2014a).  54 

Vacuum Multi-Flash Drying technology (VMFD) has been implemented and evaluated for 55 

drying vegetables which are sensitive to the heat (Mounir et al. 2011; Louka and Allaf 2004a; 56 

Louka et al. 2004b), snack preparation, etc. (Yagci and Evci 2015). VMFD (Mounir et al. 2012) 57 

induces high-quality of dehydrated product with greater preservation of nutriment, less 58 

degradation on product color, texture, etc., and higher kinetics of both drying and 59 

rehydration (Gutierrez-Pacheco et al. 2016; Sehrawat et al. 2016). 60 

Because of the vast variety of dehydrated food available to consumer and the need to satisfy 61 

food quality standards whilst reducing energy consumption, a deep understanding of the 62 
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concerned processes is required in order to obtain their perfect optimization (Vega-Gálvez, 63 

et al. 2009).  64 

Within this frame, mathematical models are efficient tools to design and optimize both 65 

hydration and rehydration operations. Several empirical models were used in modeling the 66 

mass transfer kinetic, during rehydration process. Recently, these models have been 67 

adopted by numerous researchers, due to their powerful and simplicity, whereas the 68 

obtained results can be used in the process optimization. The studied food products 69 

comprise figs (Ansari et al. 2015), morchella esculenta (morel) (Garcia-Pascual et al. 2006), 70 

quinces (Noshad et al. 2011), cassava chips (Ajala et al. 2015; Athanasia and Konstantinos 71 

2009), carrots (Planinic et al. 2005), red pepper (Demiray and Tulek 2017), rosa rubiginosa 72 

fruits (Ohaco et al. 2015), basil (Demirhan and Özbek 2010), shiitake mushroom (Lentinus 73 

edodes) (García-Segovia et al. 2011), lens culinaris (Oroian, 2017), tef flour breakfast cereal 74 

(Solomon 2008), Chilean Papaya (Zura et al. 2013a), broccoli (Sanjuan et al. 1999), potato 75 

cubes (Salimi Hizaji et al. 2011), potato cylinders (Cunningham et al. 2008), Potato slices 76 

(Ghosh and Gangopadhyay 2004), onion (Debnath et al. 2004) and apple (granny smith) 77 

slices (Zura-Bravo et al. 2013b). In this view, this work investigates the water temperature 78 

influence on rehydration kinetic of pumpkin slices, using four different drying methods 79 

namely; (AFD, VMFD, SD combining AFD+DIC+AFD, and FD). Furthermore, different empirical 80 

models have been assessed for better describing the process. 81 

2. Materials and methods 82 

2.1. Samples Preparation  83 

Pumpkin was fetched from local central market of La Rochelle. Prior to any treatment, it is 84 

cut into several 3-mm thick slices using a dedicated vegetable robot cutter of type 85 
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(vegetable cutter CL- 50 Ultra-Robot-Cutter 230 Volts, N = 375 tr/min). The initial water 86 

content (wet basis) of pumpkin was about 87%. The measurements were achieved using an 87 

adequate drying oven at 105°C for 24 hours (AOAC 1990).  88 

2.2. Drying Methods 89 

The pumpkin slices were arranged into four batches (Figure 1); i/ the first batch for airflow 90 

drying (AFD), ii/ the second for drying with successive pressure (VMFD), whereas iii/ the 91 

third for Swell-Drying (SD) and iv/ the fourth was performed through freeze-drying (FD). 92 

2.2.1. Airflow drying (AFD).  93 

The pumpkin slices were dried in a dedicated airflow dryer facility (Memmert: Four universal 94 

UNB Model 800) at 60 °C. The airflow had an initial vapor pressure of 265 Pa and a velocity 95 

of about 1.2 m/s. The slices were dried until a water content of about 0.03 g H2O/g dry basis 96 

(db). Then, the samples were enclosed in hermetically sealed bags. 97 

2.2.2. Freeze-drying (FD)  98 

Freeze-dryer equipment (SubliMate® BENCH TOP LABORATORY FREEZE DRYERS) was used to 99 

dry pumpkin slices. The process was carried out through three different steps; i/ freezing in 100 

room freezer (Whirlpool AFG 363/G) at -30°C and maintained for a period of 10 h, ii/ 101 

Sublimation at 7.4 Pa as absolute pressure with a low temperature freeze-dryer trap (-102 

52.5°C), and iii/ secondary Desiccation or desorption final drying stage for a period of 48h. 103 

Subsequently, the freeze-dried samples were put in hermetically sealed bags.  104 

2.2.3. Swell-Drying SD by inserting Instant Controlled Pressure Drop (DIC) between two 105 

stages of AFD 106 

Swell-Drying SD including a DIC texturing stage was carried out with;  107 
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i/ a first airflow drying AFD step at 60 °C with 265 Pa as airflow initial vapor pressure and 108 

velocity of about 1.2 m/s until 0.18 g H2O/g db: These partially-dried slices were enclosed in 109 

hermetically sealed bags and put in a refrigerator at 4°C for 24h to make their water content 110 

as homogenous as possible at 18% db which is the suitable level of moisture to allow DIC 111 

texturing process to be adequate with pumpkin.  112 

ii/ DIC texturing process: DIC cycle (Figure 2 (a)) started by a vacuum stage of 5 kPa as 113 

absolute pressure (1⇾2). It facilitates the close contact between steam and sample surface. 114 

Subsequently, saturated steam was injected into the reactor until an absolute pressure of 115 

0.40 MPa (2⇾3). This level of high-pressure steam was maintained for 30 s (3⇾4). This high-116 

temperature/ high-pressure stage ended by instantaneously releasing the pressure towards 117 

a vacuum (5 kPa) with a pressure drop rate ΔP/Δt> 0.5 MPa s-1 (4⇾5).  118 

Finally, the pressure has been released and settled at its atmospheric level (5⇾6) to allow 119 

recovering the DIC textured samples; 120 

iii/ Post-drying using AFD process, at 60 °C for about 3 h in order to obtain a final water 121 

content  in the range of 0.03 g H2O/g db. These samples were preserved in hermitically 122 

sealed bags. 123 

2.2.4. Dehydration using Successive Pressure Drops (Vacuum Multi-Flash Drying VMFD) 124 

VMFD process is a simple succession of low-temperature DIC cycles. Each VMFD cycle is 125 

identical to DIC process (Figure 2 (b)). The batch of pumpkin slices has been partly dried with 126 

airflow to 18% db under similar conditions to those described in AFD process. Subsequently, 127 

the slices were put in hermitically sealed bags and stored in refrigerator at 4 °C for 24 h in 128 

order to obtain a great homogeneity in terms of water content (about 0.18 g H2O/g db). 129 

Then, these partially dried slices were subjected to a fully automated VMFD unit (ABCAR-130 

VMFD Process, La Rochelle, France).  131 
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The study of VMFD process required recurrence of 50 cycles. Parameters of each VMFD cycle 132 

was automated as follows: The highest air pressure level was maintained at P+ = 300 kPa for 133 

about t+=10 s and ended by an instant pressure drop toward 100 kPa. The product is 134 

maintained for about t-=40s at the lowest gas pressure. After VMFD process, a convective 135 

drying using hot air at 60 °C for a period of about 3 h follows in order to obtain final water 136 

content within the range of 0.03 g H2O/g db. These samples were preserved in hermitically 137 

sealed bags. 138 

2.3. Rehydration experiments  139 

Rehydration experiments were carried out in distilled hot water bath. Three 400-ml 140 

glassware, each one was filled with distilled water used to soak 2 g of slices of pumpkin 141 

samples, dried according one of the above described drying method. Three different 142 

temperature levels were adopted using water bath (MEMMERT, type: WNB 22 F. Nr.: 143 

L509.0447) at 30, 45, and 60 °C, respectively for appropriate time duration. The weight of 144 

samples was recorded every 5 min during the first 30 min, every 10 min for the second 30 145 

min and every 30 min until reaching the mass transfer equilibrium. These experiments were 146 

triplicated for all dried samples. 147 

The moisture content of each sample was determined according to the conventional 148 

standard (AOAC 1990), using drying oven and high-precision (0.0001 g) analytical-scale 149 

balance (KERN & Sohn GmbH, type: ABJ 220-4NM). The experiments were also triplicated.  150 

The rehydration ratios may be expressed as follows (Marabi and Saguy 2004): 151 

�� = �	 −���� −�� 
(1) 

Where M�, M� and M� are the water content at time t, initial water content, and water 152 

content at equilibrium, respectively; expressed by % dry basis db or g H2O/g db). 153 
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2.4. Modeling of Rehydration kinetic.  154 

2.4.1. Phenomenological diffusion model 155 

Although phenomenological analysis of rehydration is mainly based on three processes 156 

simultaneously: the imbibition of water into the dried material, the swelling and the leaching 157 

of soluble, which is difficult to be investigated. Indeed, it may occur with various interactions 158 

between water and solid matrix, with possibly anisotropic diffusivity depending on different 159 

directions. To be more specific, as the water penetrates the slice matrix, sugar and other 160 

soluble substances can be dissolved. Although, in the specific case of pumpkins, we may 161 

assume that during the rehydration period, the water diffusion into the slices is the most 162 

significant kinetics, and dissolution of some compounds is insignificant. Thus, it can be 163 

assumed that the rehydration kinetics is controlled by the simplest transport of water, from 164 

the surface to the slice core with an isotropic and homogeneous diffusion at constant 165 

diffusivity value. Furthermore, the matrix sizes were assumed to keep constant value during 166 

rehydration. Consequently, the mass transfer through pure diffusion is proportional to 167 

concentration gradient of water content and the diffusion occurred with an effective 168 

diffusion coefficient. Thus, the determination of latter coefficient is essential to better 169 

describe mass transfer using similar Fick law, whose equation is expressed by (Vasić et al. 170 

2016):  171 

����� = ������	���� (2) 

By assuming the value of Deff as constant, it was possible to get: 172 

����� = ����	���� 
(3) 

The pumpkin slice may be considered as a uniform plate that is subject to gradual non-173 

stationary regime with initial uniform distribution and equal concentration at the surface.  174 
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By assuming the matrix as undeformable (negligible shrink or expanded) infinite plate with 175 

uniform initial humidity distribution, negligible external resistance, and constant diffusivity, 176 

the analytical solution of the second law of Fick was developed by Crank (Crank 1975): 177 

�� = 8�� � 1�2� + 1��  !"#−�2� + 1��������� 4%�⁄ '(
)*�

 

(4) 

Where D���	 is the effective diffusivity (in m²/s), t is time (in s), L half slice thickness (in m) 178 

and n is a relative integer. 179 

For a sufficiently long-process time, all terms of the following sequence (n≥1) were assumed 180 

as negligible when compared to the first term. Hence the equation (4) can be assumed as 181 

follows:  182 

�� = 8��  !"#−������� 4%�⁄ ' 
(5) 

The equation (5) can be rearranged and expressed as given as follows:  183 

%����� = %� + 8��,−������� 4%�⁄ 	 (6) 

The drying experimental data values are represented in terms of ln(MR) versus rehydration 184 

time for different temperatures. The effective diffusivity is calculated as follows:  185 

-./" �0� = −������ 4%�⁄  (7) 

The influence of temperature on effective diffusivity may be expressed by an Arrhenius-type 186 

equation : 187 

���� = �����.  !" +− 23�4, 
(8) 

Where ����� is the pre-exponential factor of the Arrhenius equation in (m²s-1), Ea is 188 

activation energy in (J mol-1), R is the universal gas constant (8.314 J mol-1 K-1) and T is 189 

temperature (in K).  From the slope of the straight line of ln (����) versus 1/T, described by 190 

the Arrhenius equation (8), the activation energy, Ea, could be calculated. 191 
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2.4.2. Empirical models 192 

Several authors have used empirical equation for rehydration process modeling. Among so 193 

far suggested models, the most used models were those presenting the best simplicity and 194 

mathematical convenience (Moreira et al. 2008). In particular, four empirical models have 195 

been used to describe the rehydration kinetic (Table1). The model proposed by Peleg (1988) 196 

(Eq. (9)) which consists of two parameter equation, non-exponential, used to describe the 197 

rehydration kinetic. The model Peleg has been applied to rehydration for different type of 198 

food products (Moreira et al. 2008). The Weibull distribution (Eq. (10)), describing the 199 

process as a sequence of probability events, was found in wide applications of food 200 

transformation, whereas it was proposed for rehydration process by several authors (García-201 

Pascual et al. 2006; Mujaffar and Lee Loy 2017). The exponential model (Eq. (11)) (Saguy et 202 

al. 2005), and first order model (Eq. (12)) (Krokida and Marinos-Kouris 2003) have been also 203 

used to describe the hydration characteristics of food materials. They are based on the 204 

following assumptions: i/ The water temperature is constant during rehydration and ii/ The 205 

initial water content of samples is uniform. 206 

2.5. Data statistical Analysis  207 

In the case of pumpkin slices, the experimental results obtained at three temperatures; 30, 208 

45 and 60°C, were used to investigate, analyze, evaluate the model parameters, and identify 209 

the most relevant model between these phenomenological equation (Eq. (2)) and the 4 210 

mathematical empirical equations (Eq. (9-12)). The non-linear regression has been employed 211 

with Levenberg-Marquardt procedure. Table 2 presents the values of these parameters 212 

using determination coefficient �R��, ki-square �χ�� statistical test, and root mean square 213 

error �RMSE�, respectively defined as follows (Darvishi et al. 2013):  214 
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�� = 1 − ∑ #���:;,= − ��;>é,='�@=*�∑ #���:;AAAAAAAA − ���:;,='�@=*�
 

�13�

C� = ∑ #���:;,= − ��;>é,='�@=*� D − �  

�14�

��-2 = E∑ #��;>é,= − ���:;,='�@=*� D  

�15�

With:  215 

���:;AAAAAAAA = ∑ ���:;,=@=*� D  216 

Where	RR�GH is the rate of experimental rehydration, RR_HJ� and the predicted rehydrated 217 

rate, N is the number of experimental points.  218 

3. Results and Discussion 219 

3.1. Effects of different drying processes on rehydration kinetics  220 

Dehydration process may engender changes in structure (shrinkage), rheological behavior, 221 

and chemical composition of vegetal tissues (Lewicki 1998). Since the rehydration is a 222 

complex process aiming to restore the properties of crude products once the dried product 223 

is put in contact with water and water vapor, the rehydration may be considered as a 224 

measure of wounds caused by drying and other pretreatment procedures. The experimental 225 

data proved that the dried product behavior, during rehydration is depended on drying 226 

method.  227 

The rehydration kinetic of pumpkin slices, obtained at different levels of temperatures 228 

through different drying methods Are shown by the Figs. 3 a), 3 b), and 3 c).  229 

Whatever the rehydration temperatures, the SD and VMFD dried pumpkin slices presented 230 

higher rehydration ratio than AFD, but lower than freeze-dried FD. It was also found that the 231 
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DIC-textured products presented high effective rehydration diffusivity than that of AFD and 232 

VMFD dried materials, but lower than that of freeze-dried FD, (Table 3). Porosity of both DIC-233 

textured and FD-dried were much greater than partially compact airflow dried slices.  234 

Thus, the worst behavior of rehydration is attributed to AFD samples because it is correlated 235 

with shrinking and thermal degradation due to such long-time high-temperature process. 236 

Indeed, numerous research works have proven that faster rehydration process may result 237 

from lower drying time and minimum shrinking (Cano-Chauca et al. 1974). 238 

The porous texture and possibly open cells of DIC-treated materials result in higher water 239 

diffusivity and hence in lower time of drying and rehydration. It is well known that the 240 

degree of rehydration depends on the cellular structure deformation rate. Throughout the 241 

drying, irreversible deformation and dislocation of cells were observed. This induced a loss 242 

of integrity and therefore a dense structure of collapsed capillaries, and strong shrinkage. 243 

Such reduced hydrophilic properties result in lower capacity of sufficiently absorbing 244 

required water for a complete rehydration (Jayaraman et al. 1990).  245 

The ability of reconstituting normal pieces principally depends on internal structure and 246 

chemical composition of dried materials. It also depends on the possible damage that drying 247 

can produce on the main constituents able to retain water (Protein and Starch) (Bremman et 248 

al. 1990).  249 

Maritza et al. (Maritza et al. 2012) have carried out different drying process effect study on 250 

the physical and chemical properties of strawberry (Fragaria var. Camarosa). It was 251 

concluded that the DIC treatment had a huge impact both on drying performances and 252 

kinetics, compared to usual airflow drying (AFD). Moreover, the modified texture has 253 

significantly improved the rehydration. Studies that correlate the drying time with airflow 254 

velocity indicate a faster rehydration (Okos et al. 1992; McMinn and Magee 1997). This 255 
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reflects a reduction of shrink and thus a presence of well-defined higher intercellular 256 

porosity which enhances the rehydration rate (Krokida and Philippopoulos 2005). In other 257 

words, the rehydration rate may be used as food quality index. The dried product in optimal 258 

conditions of SD (AFD+DIC+AFD) and FD result in a less damage of both structure and 259 

composition which allow more rapidly and completely rehydrating when compared to 260 

conventionally dried products (Chung and Lee 2015). 261 

3.2. Modeling of rehydration curves  262 

3.2.1. Diffusive Model  263 

The effective diffusivity of pumpkin slices dried using different procedure has been 264 

evaluated according to equation number (6), assuming that the thickness L is kept constant 265 

over the entire rehydration process. Typical graphs of .� LM�	�NMOMPNMO Q versus time t for 266 

rehydration of pumpkin slices dried using different methods are plotted in Fig. 5 a), 5 b), 5 c) 267 

et 5 d). The effective diffusivity of each sample has been concluded upon each curve slope. 268 

Hence, the estimated values of �����, ����� and ����Rare displayed in Table 3.  269 

Under the used rehydration temperatures (3 values), the pumpkin slices dried using FD, SD 270 

and VMFD presented higher effective diffusivities than those of AFD samples. It has been 271 

also observed that the kinetic curves of FD, SD samples (Fig 5 c and 5 d), had three different 272 

slopes each, suggesting three rehydration process stages (Table 3), according to the three 273 

effective diffusion coefficients. ����� Represents the beginning of rehydration and should be 274 

compared to the starting accessibility, previously defined by numerous researchers (Allaf et 275 

al. 2014b; Téllez-Pérez et al. 2014; Albitar et al. 2011), and averred the initial high-rate water 276 

absorption. The second stage of �����represents the intermediary rehydration period, 277 

characterized by a decreased water absorption rate. ����R is The third and final stage of the 278 
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rehydration process where the rehydration rate was minimum. It should reveal the mass 279 

transfer within the preserved cells. Hence, ����R has showed a permeability through the 280 

non-broken cell-walls.  281 

The Freeze-Dried FD and Swell-Dried SD pumpkin slices presented the highest rehydration 282 

rate, due to the great porosity, whatever the rehydration temperature. Indeed, the highest 283 

rate of water absorption of pumpkin slices (�����) has been occurred, during the first 284 

minutes of the rehydration. Since this rehydration stage should reveal the first interaction 285 

between water and the matrix surface (similar to the starting accessibility). Following the 286 

interpretation of the �����values’ behavior, recorded under the rehydration temperatures 287 

between 30°C and 60 °C (Table 3), it has been averred that the results obtained through the 288 

AFD and VMFD methods increase gradually versus the increased rehydration temperature 289 

values. In other hand, the �����values obtained through the SD and FD methods, under the 290 

same rehydration temperature interval, show practically a constant value. Accordingly, it can 291 

be concluded that the rehydration temperature has no effect on the �����, obtained by the 292 

two last methods. However, it can be observed that the ����� value obtained for the 293 

rehydration temperature 45°C is over the normal value (around 60 m²/s). This wrong value is 294 

certainly caused by insignificant delay on the rehydration time period (in few seconds). 295 

Subsequently, the second decreasing rate revealed through ����� lasted nearly two hours of 296 

the process time and the samples reached a saturation level of water content apparently 297 

without the third rehydration stage. By contrast, Figures 5 a) et 5 b), which correspond to 298 

VMFD and AFD dried samples show after the initial water-surface interaction (�����) two 299 

decreasing stages of curves of rehydration kinetics, thus suggesting two effective decreasing 300 

rehydration diffusivities ����� and ����R (Table 3). This may probably divulge the shrinkage 301 
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of the whole structure, and the rehydration within the distorted cells. However, it was 302 

observed that the three rehydration stages depend also on temperature. Rehydration time 303 

decreases versus the temperature. Thus, by increasing the temperature from 30 to 60°C, the 304 

first stage duration of AFD and VMFD became 20 and 35 min, respectively (Table 3). Similar 305 

result was reported elsewhere (Cunningham et al. 2008). The diffusivity increases with 306 

temperature of rehydration (Table 3). Similar behavior was observed for the rehydration at 307 

low temperature of other vegetal products: Quinces (Noshad et al. 2011), Chilean Papaya 308 

(Vasconcellea pubescens) (Zura et al. 2013a), onion (Debnath et al. 2004), potato cylinders 309 

(Cunningham et al. 2008), potato cubes (Markowski et al. 2009), pear (chafer et al. 2011), 310 

sour cherry (Prunus cerasus L.) (Aghbashlo et al.  2010).  311 

The values of effective diffusivity �����, ����� and ����R obtained at 30, 45 and 60°C 312 

allowed the calculation by means of linear regression (Eq.7) the values of ����� and 23. Can 313 

be mentioned the AFD dried samples (Table 4):  314 

������= 4.8955×10-5m2 s-1, ������ = 8.1736×10-5, 23�= 27.8 (kJ/mol) and 23�= 28.0 (kJ/mol).  315 

The results of VMFD, SD, and FD dried samples, including correlation coefficients (R2) are 316 

assembled in Table 4. Several authors have expressed the influence of temperature on 317 

rehydration in term of similar-Arrhenius relationship. The values of activation energy were 318 

situated in the same range for other vegetal products: Aloe vera (Aloe barbadensis Miller) 319 

(Vega-Gálvez et al. 2009), carrot (Planinic et al. 2005), basil (Demirhan and Özbek 2010), 320 

Shiitake mushroom (Lentinus edodes) caps (García-Segovia et al. 2011), Chilean Papaya (Zura 321 

et al. 2013a), broccoli stems (Sanjuan et al. 1999), Potato Cylinders (Cunningham et al. 322 

2008), Morchella esculenta (morel) (García-Pascual et al. 2006), vegetable wastes (Lopez et 323 

al. 2000). 324 
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3.2.2. Empirical models.  325 

3.2.2.1. Fitting of the rehydration curves 326 

In order to describe the rehydration kinetics of differently dried pumping slices using AFD, 327 

VMFD, SD, and FD, four empirical models namely Peleg, Weibull, Exponential, and 1st-order 328 

models have been used (Table 1).  329 

The estimated A and B parameters through Weibull model, for given conditions are also 330 

given in Table 2, and the fitting of experimental results are illustrated in Figures 4 a), 4 b), 4 331 

c), and 4 d). Some researchers suggested that the parameter B represents the time 332 

necessary to achieve 63% process (Marabi et al. 2003; Cunningham et al.2007; Machado et 333 

al. 1999). For AFD, VMFD and SD dried of pumpkin slices, B-value varied from 3.872 to 334 

67.378 min decreases when rehydration temperature increased from 30 to 60 °C. A similar 335 

behavior was noticed in the case of other products: Ready-to-eat Breakfast Cereal (Machado 336 

et al. 1999), Figs (Ansari et al. 2015). By contrast, in the case of FD dried samples, 337 

rehydration rate and thus B-value increased by increasing temperature from 45°C. This may 338 

be attributed to the sample collapse during the rehydration. In order to explain this 339 

phenomenon, deep understanding of correlation between structure and mass transfer 340 

phenomena during the rehydration is necessary. (Marabi et al. 2003) used Weibull 341 

distribution model to comment their rehydration results. They concluded that the product 342 

porosity of freeze-dried materials perfectly controlled the mass transfer. In case of low 343 

porosity products (i.e. AFD-dried materials), the impact of rehydration temperature is 344 

correlated with similar-Arrhenius evolution of diffusivity (Meda and Ratti 2005). A-value of 345 

Weibull model should interpret the measure of water absorption rate at the beginning of the 346 

process. A-value varies between 0.409 and 1.069 for all differently dried samples; these 347 

values were situated in the same range of values reported by different researchers 348 
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(Cunningham et al. 2007; Athanasia and Konstantinos 2009) to be between 0.2 and 1.0. The 349 

lower the value of A, the faster the water absorption rate. 350 

Peleg model was also used to determine the parameters K1 and K2. K1 was considered as the 351 

initial rehydration value, while K2 the maximum water absorption capacity, the lowest values 352 

of K2 presented a great water absorption capacity as suggested by (Solomon 2007). With 353 

increased temperature, K1 slightly increased in linear manner in the case of AFD and VMFD 354 

dried samples (Table 2), and decreased in non-linear manner in the case of SD and FD dried 355 

samples. With increased temperature, K2 decreased linearly in the case of AFD, VMFD and 356 

SD dried samples (Table 2) and with non-linear manner in case of FD samples (Table 5). 357 

Similar behavior has been found by other authors (Garcia-Pascual et al. 2006); Moreira et al. 358 

2008). Besides that, the Tables 2 show a first order association and exponential models 359 

which can also describe water absorption during rehydration of dried pumpkin slices. As can 360 

be inferred, the kinetics constant of association of first order and exponential models 361 

increased with increased temperature in linear manner in case of samples dried with AFD 362 

and VMFD (Table 2 and 3), and non-linear in case of SD and FD dried samples (Table 2). This 363 

implies a high velocity of rehydration at high temperature. 364 

3.2.2.2. Statistical Analysis of Models  365 

The statistical analyses were applied to these various models, proposed to rehydration 366 

kinetics of dried pumpkin slices (Tables 2). Using non-linear regression analysis, different 367 

model parameters have been determined involving their R2 and RMSE values. The four 368 

rehydration models yielded excellent results better than those obtained experimentally. In 369 

our cases, the dried pumpkin slices (AFD, VMFD, SD, and FD), Weibull model provided the 370 

highest R2, the lowest X² and RMSE values. This correlates several research works performed 371 

on rehydration kinetics of different food products, who reported the high adjustment quality 372 
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obtained by using Weibull model: (Demiray and Tulek 2017; Demirhan and Özbek 2010; 373 

Marabi et al. 2003).  374 

4. Conclusion 375 

In this current contribution, different drying methods namely; airflow drying (AFD), freeze-376 

drying (FD), swell-drying (SD) combining DIC between two stages of AFD and vacuum multi-377 

flash drying (VMFD) were studied. In this view, specific case of pumpkin slices have been put 378 

into rehydration investigation. Following different tests, the obtained results averred that 379 

the technique of drying has a significant effect on the rehydration kinetics. Under three 380 

different rehydration temperature levels, it has been found that the AFD has the slowest 381 

rehydration process, whilst, the FD, SD and VMFD resulted in reducing the rehydration time. 382 

In other hand, it has been found that the FD and SD pumpkin slices presented the highest 383 

rehydration rate through phenomenological diffusion model, characterized by three stages 384 

(D����, D���� and D���R), and then, three effective diffusivities. This is due to the interaction 385 

between water and matrix surface, high porosity, and penetration of cell wall. The highest 386 

mass transfer rate has been recorded, during the first minutes of the rehydration. It then 387 

decreases until the time during which the sample reached a saturation water content. 388 

However, in case of AFD and VMFD slices dried using, the highest mass transfer occurred 389 

after the first stage of rehydration process. This is caused by slices shrink, which may arise 390 

during the ring process. The shrink slows down the diffusion of water from surface to the 391 

center. The rehydration temperature dependency modeling was performed in adequate 392 

manner, using the Arrhenius equation with two activation energy. In case of slices dried 393 

using AFD and VMFD and three activation energy levels for the case of slices dried with SD 394 

and FD. 395 



19 

Several empirical models were tested well analyze the rehydration kinetics. Weibull model 396 

has shown the best fit upon the experimental results, highlighted by a highest R2 coefficient, 397 

the lowest C�, the sum of square error and the root mean square error. They considered as 398 

the best way for elucidating the rehydration characteristics of Dried pumpkin slices, 399 

according to different drying methods; AFD, VMFD, SD and FD.  400 

The selection of an appropriate drying technique upon adequate rehydration temperature is 401 

necessary for a reliable rehydration process design, yielding high quality food products.  402 

  403 
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Table Captions 578 

TABLE 1 Empirical models frequently used for curve fitting of rehydration kinetics data 579 

TABLE 2 Statistical tests of the selected models used to simulate pumpkin slices rehydration 580 

curves for airflow drying (AFD), Vacuum Multi Flash Drying (VMFD), Swell-Drying (SD) 581 

combining DIC texturing between two stages of AFD and freeze-drying (FD) 582 

TABLE 3 Effect of water temperature on effective diffusion coefficients (�����, ����� and 583 

����R) for airflow drying (AFD), Vacuum Multi Flash Drying (VMFD), Swell-Drying (SD) 584 

combining DIC texturing between two stages of AFD and freeze-drying (FD) 585 

TABLE 4 Estimation of Parameters of Arrhenius Equation for airflow drying (AFD), Vacuum 586 

Multi Flash Drying (VMFD), Swell-Drying (SD) combining DIC texturing between two stages of 587 

AFD and freeze-drying (FD) 588 
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Figure Captions 605 

FIGURE 1 Scheme of treatment and assessment methods adopted for slice pumpkin dried 606 

samples. 607 

FIGURE 2 (a) Scheme of Instant Controlled Pressure-Drop DIC; 1-2: First vacuum 5 kPa;  608 

2-3: Steam injection; 3-4: Retention of steam pressure at treatment saturated steam 609 

pressure; 4-5: Instant pressure drop towards a vacuum; 5-6: Releasing towards atmospheric 610 

pressure. 611 

FIGURE 2 (b): Scheme of Vacuum Multi-Flash Drying VMFD; Numerous cycles of high air 612 

pressure P+ during a high-pressure time t+ followed by an instant pressure drop towards a 613 

vacuum pressure P - retained during a low-pressure time t -. 614 

FIGURE 3 Rehydration curves of Airflow drying (AFD), Vacuum Multi Flash Drying (VMFD), 615 

swell-drying (SD) and freeze-drying (FD) pumpkin slices at: (a) 30, (b) 45 and (c) 60°C. 616 

FIGURE 4 Experimental and Weibull-estimated Rehydration ratio for : a) Airflow drying 617 

(AFD),  b) Vacuum Multi Flash Drying (VMFD), c) swell-drying (SD) and d) freeze-drying (FD) 618 

at : 30, 45 and  60°C. 619 

FIGURE 5 Graphical determination of D����, D���� and D���R for rehydration of pumpkin slices 620 

for : a) Airflow drying (AFD),  b) Vacuum Multi Flash Drying (VMFD), c) swell-drying (SD) and 621 

d) freeze-drying (FD) at : 30, 45 and  60°C.  622 
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Fig. 1. Scheme of treatment and assessment methods adopted for slice pumpkin dried samples. 
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Fig. 2. (a). Scheme of Instant Controlled Pressure-Drop DIC; 1-2: First vacuum 5 kPa;  

2-3: Steam injection; 3-4: Retention of steam pressure at treatment saturated steam pressure;  

4-5: Instant pressure drop towards a vacuum; 5-6: Releasing towards atmospheric pressure 
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Fig. 2. (b). Scheme of Multi-Flash Drying MFD; Numerous cycles of high air pressure P+ during a high-

pressure time t+ followed by an instant pressure drop towards a vacuum pressure P - retained during a 

low-pressure time t -. 
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Fig. 3. Rehydration curves of Airflow drying (AFD), Vacuum Multi Flash Drying (VMFD), swell-drying (SD) 

and freeze-drying (FD) pumpkin slices at: (a) 30, (b) 45 and (c) 60°C. 
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Fig. 4. Experimental and Weibull-estimated Rehydration ratio 

for : a) Airflow drying (AFD),  b) Vacuum Multi Flash Drying 

(VMFD), c) swell-drying (SD) and d) freeze-drying (FD) at : 30, 45 

and  60°C.  
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Fig. 5. Graphical determination of Deff_1, Deff_2 and Deff_3 for rehydration of pumpkin slices for : a) 

Airflow drying (AFD),  b) Vacuum Multi Flash Drying (VMFD), c) swell-drying (SD) and d) freeze-drying 

(FD) at : 30, 45 and  60°C.  
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TABLE 1 Empirical models frequently used for curve fitting of rehydration kinetics data 

Model number Models Model equations 

01 Peleg Model �� = 1
�� − �
 × �

�� + ����  9� 
02 Weibull Model �� = 1 − ��� �− � �

���� 10� 

03 Exponential Model �� = 1 − ���−���� 11� 
04 First order Model �� = 1 − ���−��� 12� 
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TABLE 2 Statistical tests of the selected models used to simulate pumpkin slices rehydration curves for airflow drying (AFD), Vacuum Multi 

Flash Drying (VMFD), Swell-Drying (SD) combining DIC texturing between two stages of AFD and freeze-drying (FD) 

 

  

 

Models 

 

Parameters 

Drying methods 

AFD VMFD SD (AFD+DIC+AFD) FD 

30°C 45°C 60°C 30°C 45°C 60°C 30°C 45°C 60°C 30°C 45°C 60°C 

Peleg P1 11,32401 8,7714 20,77093 13,19997 9,13342 5,71395 13,68506 7,8723 5,44888 2,10712 0,62186 1,63975 

P2 0,119 0,2457 0,7905 0,18744 0,2253 0,27278 0,40253 0,30853 0,29075 0,34876 0,22501 0,31507 

�� 0,957 0,978 0,9735 0,90495 0,96312 0,98536 0,98082 0,96386 0,97543 0,95554 0,86265 0,98263 �!"# 0,0625 0,0482 0,0513 0,10626 0,06272 0,03868 0,0394 0,05333 0,04654 0,0542 0,10808 0,03944 

$� 0,0039 0,0023 0,0026 0,01129 0,00393 0,0015 0,00155 0,00284 0,00217 0,00294 0,01168 0,00156 

Weibull P1 67,37891 34,44678 25,89106 1,06904 0,99603 0,97701 0,76938 0,70271 0,82694 0,44801 0,40926 0,71814 

P2 0,9851 1,046 0,9568 52,96386 38,2697 23,35104 40,70681 37,54167 23,75534 11,44136 3,87156 7,55543 

�� 0,9523 0,9894 0,9761 0,90662 0,96791 0,99442 0,98477 0,96818 0,97764 0,97463 0,86766 0,9833 �!"# 0,0658 0,0334 0,0487 0,10532 0,0585 0,02387 0,03512 0,05004 0,0444 0,04094 0,10609 0,03867 

$� 0,0043 0,0011 0,0024 0,01109 0,00342 5,697E-4 0,00123 0,0025 0,00197 0,00168 0,01126 0,0015 

Exponential P1 0,01597 0,02482 0,04474 0,01442 0,02673 0,04621 0,05804 0,07836 0,07285 0,33586 0,57481 0,23408 

P2 0,9825 1,0443 0,9549 1,0678 0,9937 0,97582 0,76795 0,70237 0,82687 0,44774 0,40914 0,71807 

�� 0,9523 0,9894 0,9761 0,90662 0,96791 0,99442 0,00123 0,96818 0,97764 0,97463 0,86766 0,9833 �!"# 0,0658 0,0334 0,0487 0,10532 0,0585 0,02387 0,98477 0,05004 0,0444 0,04094 0,10609 0,03867 

$� 0,0043 0,0011 0,0024 0,01109 0,00342 5,697E-4 0,03512 0,0025 0,00197 0,00168 0,01126 0,0015 

First order P1 0,0149 0,02891 0,0386 0,01873 0,02614 0,0428 0,02531 0,02793 0,04177 0,06881 0,1533 0,11884 

�� 0,9522 0,9889 0,9756 0,90543 0,96791 0,9943 0,95987 0,9218 0,96859 0,81541 0,79804 0,96847 �!"# 0,065 0,0338 0,0485 0,10478 0,05775 0,02379 0,05624 0,07735 0,05188 0,10897 0,12912 0,05227 

$� 0,0042 0,0011 0,0023 0,01098 0,00333 5,658E-4 0,00316 0,00598 0,00269 0,01187 0,01667 0,00273 
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TABLE 3 Estimation of Parameters of Arrhenius Equation for airflow drying (AFD), Vacuum Multi Flash Drying (VMFD), Swell-Drying (SD) 

combining DIC texturing between two stages of AFD and freeze-drying (FD) 

Drying methods Temperature 

[°C] 

Time  

[min] 

&�''�X 109  

[m²/s] 

R² Time  [min] 

 

&�''�X 109 

[m²/s] 

R² Time  

[min] 

&�''(X 

109 [m²/s] 

R² 

AFD 30 0-50 0.7815 0,989 50-150 1.1511 0,99509    

45 0-30 1.5980 0,99583 30-120 2.9435 0,99509    

60 0-30 2.1062 0,99345 30-90 2.9558 0,9992    

VMFD 30 0-60 7.4613 0,99751 60-150 10.647 0,99417    

45 0-40 9.2324 0,98965 40-120 17.346 0,99576    

60 0-25 15.794 0,99486 25-120 18.408 0,97872     

SD (AFD+DIC+AFD) 30 0-5 21.521 1 5-30 8.4380 0,9993 30-145 7.350 0,9990 

45 0-5 21.350 1 5-30 9.690 0,9982 30-150 6.170 0,9963 

60 0-5 23.27 1 5-25 15.71 0,9999 25-150 11.44 0,9937 

FD 30 0-5 61.222 1 5-25 12.077 0,9843 25-130 9.289 0,9972 

45 0-5 94.488 1 5-25 18.740 0,9954 25-90 13.723 0,9969 

60 0-5 60.602 1 5-25 34.259 0,9989 25-60 33.221 0,9638 
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TABLE 4 Estimation of Parameters of Arrhenius Equation for airflow drying (AFD), Vacuum Multi Flash Drying (VMFD), Swell-Drying (SD) 

combining DIC texturing between two stages of AFD and freeze-drying (FD) 

Drying methods Time 

[min] 

&�''�
 

[m²/s] 

#*� 

[kJ/mol] 

R² Time 

[min] 

&�''�
 

[m²/s] 

#*� 

[kJ/mol] 

R² Time 

[min] 

&�''(
 

 [m²/s] 

#*( 

[kJ/mol] 

R² 

AFD 0-50 4.895 x10./ 27,798 0,99637 50-150 8.174 x10./ 27,975 0,89524     

VMFD 0-60 1.364 x10./ 19.078 0,82279 60-150 0.603 x10./ 15.904 0,94603     

SD(AFD+DIC+AFD) 0-5 0.0044 1.8142 0,49068 5-30 0.3867 15.587 0,76936 30-150 0.0286 x10./ 9.4762 0,2998 

FD 0-5 0.0170 2.3374 0,02869 5-25 59.856 27.375 0,92326 25-130 0.0035 x10./ 32.5873 0,8409 

 

 

 

 

 

 

 

 




