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Abstract. The aim of the present work was to study the kinetics of osmotic dehydration 13 

of Caldesi nectarines (Prunus persica var. nectarina) evaluating the effect of osmotic 14 

solution concentration, type of solute, temperature, fruit/solute ratio and process time on  15 

moisture content, water loss, soluble solids content and solids gain. The process analysis 16 

was carried out experimentally and numerically through the mathematical modelling of 17 

the mass transfer. Hypertonic solutions of glucose syrup and sorbitol (40 and 60% w/w) 18 

were used for dehydration, during 2 h of process at temperatures of 25 and 40ºC, with 19 

fruit/osmotic agent ratio of 1/4 and 1/10. Water loss and solids gain showed significant 20 

differences depending on the type and concentration of the osmotic agent, as well as on 21 

the process time and fruit/solution ratio. On the other hand, neither system variable was 22 

affected by the temperature of the thermal bath. The effective diffusion coefficients were 23 

obtained from the analytical solution of Fick’s second law applied to flat-plate geometry 24 

and by solving the mass transfer microscopic balances by Finite Element Method (FEM), 25 

taking into account the real geometry of the nectarine pieces. The values obtained from 26 

Fick’s law varied between 1.27x10
-10

 and 1.37x10
-08 

m
2 

s
-1 

for water and from 1.14x10
-10

 27 

to 1.08x10
-08

 m
2 

s
-1

 for soluble solids, while the values ranged between 0.70x10
-09

 and  28 

4.80x10
-09 

m
2 
s

-1
 for water and between 0.26x10

-09
 and 1.70x10

-09
 m

2
 s

-1 
for soluble solids, 29 

calculated by Finite Elements Method. The diffusion coefficients obtained from the 30 

numerical solution are consistent with those published in literature.  31 

 32 
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 34 

INTRODUCTION 35 

 36 

In the last years, studies on stone fruits dehydration such as plums (Flanklin et al., 2006; 37 

Tarhan et al., 2007), cherries (Goncalves et al., 2007; De Michelis et al., 2008), peaches (Gil et 38 

al., 2002), apricots (Khoyi et al., 2007; Ispir and Togrul, 2009) and nectarines (Araujo et al., 39 

2004) have been performed due to the nutritional properties of these fruits and the interest of 40 

obtaining a long shelf-life with the best possible quality.    41 

Nectarines are stone fruits, which production and merchandising is similar to peaches; their 42 

nutritional properties are also similar whereas nectarines have slightly higher contents of 43 

provitamin A and vitamin E. They also stand out for their high content of potassium (Gil et al., 44 

2002; Lavelli et al., 2009). Both fruits contain considerable amounts of antioxidants, including 45 

hydroxycinnamic acid, flavonoids, anthocyanins and carotenoids. Besides the benefits for 46 

consumer health, many of these compounds are responsible for the attractive color of the fruits 47 

(Lavelli et al., 2009). 48 

 The osmotic dehydration (OD) is employed as a pre-treatment for many processes; it 49 

improves the nutritional, sensory and functional properties of processed foods without affecting 50 

their good condition (Quintero-Chávez et al., 2010). This technique consists in the immersion of 51 

fruits or vegetables (whole or in pieces) in solutions of sugars, salts, combinations of both or 52 

alcohols. It is caracterized by flux exchange of water and solutes permitting the fruit to lose 53 

water and gain solids, depending on the process conditions (Ramallo and Mascheroni, 2005; Shi 54 

et al., 2009).  55 

The speed of product water loss and the changes to its chemical composition depend on the 56 

nature and size of the product to dehydrate, on the type and concentration of the osmotic agent, 57 

on the fruit/syrup ratio, on temperature and process time. The periodical shaking of the system 58 

also produces a significant increase on the dehydration rate (Maldonado et al., 2008). In general, 59 

within the first two hours of contact between the fruit and the syrup a high speed of water 60 

removal is achieved, after this period speed starts to decrease due to a less difference of osmotic 61 

pressure and a greater resistance to mass transfer at this stage of the process (Barbosa-Cánovas et 62 

al., 2000). 63 

In many works, models to predict mass transfer kinetics of osmotic dehydration at 64 

atmospheric pressure have been developed. However, it is very difficult to develop a 65 

mathematical model capable of including all the factors involved in the process (Ispir and 66 

Togrul, 2009). Some authors, such as Salvatori et al. (1999) have used Fick’s law to explain the 67 

diffusion phenomenon, while other authors such as Spiazzi and Mascheroni (1997) have 68 
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proposed models based on the knowledge of cellular physiology of tissues. The osmotic 69 

dehydration processes are generally designed with the objective of maximizing water removal 70 

while the solids gain is limited, to obtain a product with little flavour alteration regarding the 71 

fresh product. There is a single index that clearly indicates the direction of osmotic dehydration 72 

process called efficiency index of dehydration (Lazarides, 2001), which is defined as the 73 

relationship between water loss and solids gain. This index has been widely used to evaluate 74 

efficiency of osmotic dehydration process, due to its easy interpretation. High values of 75 

efficiency index indicate that the process favors dehydration minimizing solids gain, while low 76 

values indicate that the process promotes a greater solids gain with minimun water loss (Jokié et 77 

al., 2008).  78 

As can be seen from above information, OD of nectarines has been barely studied and 79 

characterized (Araujo et al., 2004). Moreover, the determination of water transfer parameters in 80 

terms of diffusivity and water transfer coefficients for products subject to dehydration is essential 81 

to analize efficiently the process and to optimize energy use.  82 

The analytical solution of Fick’s second law for unsteady state, may be applied to calculate 
83 

the effective diffusivity of moisture (Dw), this is the best known procedure to represent the 
84 

diffusional mechanism (Perumal, 2007; Farid, 2010). Most published studies usually consider 
85 

any finite food geometry as infinite flat plate configuration, neglecting the diffusion in the other 
86 

directions. Such assumption is good when thickness is very small compared to sides, indicating 
87 

negligible peripheral diffusion. On the other hand, when thickness is of equal magnitude to 
88 

length and width (parallelepiped, cubic, finite cylinder), this assumption is no longer valid, 
89 

because significant amount of diffusion takes place through peripheral sides as well (Ferrari et al, 
90 

2011).  
91 

As alternative, the coefficients should be evaluated considering the real geometry of the 
92 

object, using numerical solution techniques to solve the differential equations that characterize 
93 

the process. 
94 

According to the above stated the objectives of the present work include: 
95 

 To study the osmotic dehydration kinetics of nectarines evaluating the effect of operating 
96 

conditions (osmotic solution concentration, temperature, fruit/solution relationship, type 
97 

of solute and process time) on the process characteristic variables (moisture content, 
98 

water loss and solids gain). 
99 

 To determine and compare the effective diffusion coefficients of water and solutes 
100 

transfer, calculated by Fick’s law analytical solution and by computational tools which 
101 

allow consider the real shape of nectarines pieces.  
102 
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MATERIALS AND METHODS 104 

 105 

Samples characterization and preparation 106 

Nectarines var. Caldesi (Prunus persica var. nectarina) acquired in a local market 107 

(Olavarria, Argentina) were used. The fruits were kept refrigerated at 5ºC; before the test, 108 

samples selected by size and quality were washed and dried with absorbent paper, then they were 109 

peeled and the stones were removed, finally they were manually cut into pieces of 1/16 (average 110 

weight 3.2 g) (Figure 1a).   111 

The initial moisture content of the fruit was 82.14% w.b. (wet basis); it was determined by 112 

using a standard method (AOAC, 1980) drying the fruit to constant weight in an oven at 70± 113 

2ºC. The initial content of soluble solids was 14.50 °Brix, determined with an Abbe 114 

refractometer (acurracy ± 0.01) (AOAC, 1980).  115 

 116 

Osmotic Dehydration  117 

 Osmotic dehydration was carried out during 2 h - period of high speed of water removal 118 

(Barbosa-Cánovas et al., 2000) - by immersing the samples in glucose syrup (C6H12O6) or 119 

sorbitol (C6H14O6) solutions prepared at 40 and 60% w/w in distilled water, using an erlenmeyer 120 

of 2 L and a fruit/syrup ratio of 1/4 and 1/10. The samples were kept into the solution by using a 121 

stainless steel mesh to prevent flotation. Two temperatures were tested, 25 and 40ºC, with a 122 

constant shaking system at 331 rpm. All the experiments were conducted in duplicate. 123 

 The samples weight (analytical balance, METTLER AE240, acurracy ± 0.0001 g), the 124 

moisture content (g of water/100 g of sample) were evaluated at regular intervals. The samples 125 

were mashed and soluble solids content (g of soluble solids/100 g of sample) was measured. 126 

 To determine the water loss (WLt), solids gain (SGt) and weight reduction (WRt) as a 127 

function of time t, the following equations were used, respectively: 128 
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where TSo is the initial total solids of sample; TSt is the total solids present in sample at time t; 132 

Wo is the initial mass of sample; Wt is the mass of sample at time t.  133 
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 134 

Modelling of mass transfer  135 

Phenomenological Models 136 

To describe mass transfer during the OD process, the following microscopic balances may 137 

be set for moisture and solids with a different degree of detail and accuracy: 138 

)( ww
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where C is the concentration (kg m
-3

); t is the time, D is the apparent diffusion coefficient and 141 

subscripts w and s represent water and soluble solids, respectively. 142 

a) Assumption of regular geometry:  143 

These expressions may be analytically solved considering constant properties, uniform 144 

initial conditions and constant concentration of water and soluble solids at boundary (surface). In 145 

this way, they may be analytically solved for regular semi-infinite media, such as infinite slabs, 146 

infinite cylinders and spheres (Crank, 1975). The analytical solution of the equations was 147 

obtained considering each piece as a slab shape (Figure 1c).  148 

The following assumptions were done for the analytical solution: i) mass transfer is 149 

unidirectional; ii) solution concentration is constant in time; iii) diffusive mechanism of water 150 

removal is considered as valid; iv) fluxes interaction is not considered; v) shrinking and external 151 

resistance to mass transfer are dismissed; vi) a slab equivalent to 12.5 mm of thickness is 152 

assumed. 153 

Crank·s solution for average concentration in semi-infinite slabs is presented below: 154 
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The model may be simplified at long times, using just the first term of the above equation, 156 

and the following mathematical expression can be obtained (Eq. 7). 157 
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Finally, from Eq. 7 the following expression is deduced: 159 
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where Cwt  is the water concentration at time t; Cwo is the initial water concentration; l is the  half-161 

thickness of the sample, and Cw is the equilibrium concentration value which may be 162 

determined from Azuara’s empirical model (Azuara et al., 1992). 163 

Eq. (5) was solved with the same procedure applied to Eq. (4), where the subscript w is 164 

replaced s in Eqs. (6), (7) and (8).  165 

Knowing the experimental average values of moisture and solids content in the product 166 

and using Eq. (8), the diffusion coefficients of water and solids in the product may be calculated.  167 

The average relative error (ARE) (Eq. 9) was the statistical parameter used to estimate the 168 

quality of model adjustment. 169 





i j

cal

jj

j
C

CC
ARE
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where C is the concentration, the subscript j indicates water or solids, the subscript exp refers to 171 

experimental, while cal to calculated and the counter i indicates that the sum is made for discrete 172 

time steps in which experimental data are available.  173 

   174 

b) Assumption of real geometry:  175 

The real geometry of the product must be considered for a more accurate calculation of 176 

moisture and solids profiles. With this purpose, Eqs. (4) and (5) were solved numerically with 177 

the finite elements method (FEM) using a commercial software (Comsol Multiphysics 3.5a), 178 

assuming as valid the assumptions ii-v made in the previous section.  179 

Figure 1b shows a diagram of the nectarine piece, which was submitted to osmotic 180 

dehydration modelling. 181 

The solution of Eqs. (4) and (5) permits to obtain the moisture and solids profiles in the 182 

product, from which the effective diffusion coefficients of water and solids may be calculated. 183 

The software Matlab 7.10.0 was used for their determination, which considers different 184 

combinations of Dw and Ds in a known range (10
-08

 - 10
-12

 m
2 

s
-1

), these interval values were 185 

selected according to previous values presented in the current literature (Panagiotou et al., 2004). 186 

Then, the numerical solutions for these combinations could be obtained with the assistance 187 

of Comsol software. The experimental runs could be compared with the numerical solution (Cw 188 

and Cs as a function of process time) through the average relative error (Eq. 9). The following 189 

error function was built for each pair Dw-Ds: 190 
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sw AREAREARE            (10) 191 

The pair which minimized the error function (Eq.10) was considered valid for the selected 192 

operating conditions. 193 

The block diagram (Fig. 2) shows the calculation sequence to obtain the Dw and Ds 194 

coefficients, using the numerical scheme. 195 

 196 

Statistical data analysis  197 

The statistical study of the results was performed using the analysis of variance (ANOVA) 198 

with a significance level (SL) of 5% or p-value<0.05. Significant differences (p<0.05) between 199 

the means were determined using Duncan Test and T test. The statistical analysis was performed 200 

using the InfoStat software (Di Rienzo et al., 2008). 201 

 202 

RESULTS AND DISCUSSION 203 

 204 

Water loss kinetics during osmotic dehydration 205 

Moisture content and water loss of samples dehydrated for 120 minutes in glucose syrup 206 

and sorbitol solutions are shown in Figs. 3 and 4, respectively. The graphs show the kinetics of 207 

WL for the sixteen different treatments, varying the operating conditions: concentration of 208 

glucose (g-40% and g-60%) and sorbitol (s-40% and s-60%), osmotic agents, fruit/syrup ratio 209 

(r1/4 and r1/10) and process temperature (25°C and 40°C). The values of standard deviation 210 

between the duplicates are included as vertical bars in the same figures.  211 

The statistical results of the analysis of variance performed to evaluate the effect of the 212 

treatments on water loss are shown in Table 1. The independent variables, the degrees of 213 

freedom (df), the critical values of Fisher (F) and the p values are displayed in the same table.  214 

It was observed that the use of different agents determines significant differences 215 

(p<0.0001) in the results of WL, showing a greater degree of dehydration in those samples 216 

treated in sorbitol solution (Figure 4). This was confirmed by Duncan Test (p<0.05) with mean 217 

values for WL of 12.13 and 13.42% for samples treated in glucose syrup and sorbitol, 218 

respectively, for all conditions of concentration, temperature, agent/fruit relationship and times 219 

tested. 220 

The increase in the concentration of hypertonic solution from 40 to 60% w/w caused a 221 

greater water loss. This was a significant effect (p<0.0001), and it was more remarkable when 222 

sorbitol was used as a dehydrating agent. These results are equivalent to those obtained by 223 

Araujo et al. (2004) and Ispir and Togrul (2009) in the OD of apricots in glucose, sorbitol, 224 
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fructose, sucrose and maltodextrin solutions and by Ferrari et al. (2009) in the dehydration of 225 

pears in sucrose and sorbitol solutions. The mean values of Duncan Test were for WL of 11.70% 226 

for osmodehydrated samples in solutions of 40% w/w and 13.85% when the concentration was 227 

of 60% w/w, for both osmotic agents and all tested conditions of temperature, agent/fruit ratio 228 

and process times.  229 

Additionally, the increase of solution/fruit ratio from 4 to 10 permitted to obtain a major 230 

water loss, leading to final products with less moisture content, for the most of the studied 231 

conditions (p=0.0099), obtaining a mean value of 12.67 and 13.09% for fruit/syrup ratio of 1/4 232 

and 1/10, respectively, for both osmotic agents and all tested conditions of concentration, 233 

temperature and process times.  Khoyi et al. (2007) stated that the increment of the ratio between 234 

syrup and fruit increases water loss during the dehydration of apricots, but ratios higher than 235 

1/10 raise the process costs, becoming less suitable. The same deduction was reported by Ispir 236 

and Togrul (2009) for OD of apricots. 237 

Finally, the temperature increase from 25 to 40 °C had no significant effect on water loss 238 

(p=0.3108). These results are equivalent to those obtained by Fernandes et al. (2006) in the OD 239 

of bananas. 240 

 241 

Solids gain kinetics during osmotic dehydration of nectarines 242 

Figures 5 and 6 show the evolution of soluble solids gain of osmodehydrated nectarines 243 

during 120 minutes in glucose syrup and sorbitol solutions. 244 

Table 2 shows the results of the analysis of variance for solids gain (SG) considering the 245 

data obtained during the osmotic dehydration of nectarines. 246 

The samples showed significant differences (p<0.0001) between the values of SG 247 

depending on the type of osmotic agent employed, reaching higher values when nectarines were 248 

immersed in a sorbitol solution (Figure 6). Mean values for SG calculated from Duncan Test 249 

were of 2.76% and 4.05% for osmodehydrated samples in glucose syrup and sorbitol solutions, 250 

respectively, for all conditions of concentration, temperature, agent/fruit relationship and times 251 

tested. 252 

The use of more concentrated hypertonic solutions permitted to obtain final products with 253 

a higher content of soluble solids as a result of a major solids gain, these effects were statistically 254 

significant (p<0.0001). Mean values of SG were 2.34% and 4.48% for solutions prepared at 40 255 

and 60% w/w, respectively, for both osmotic agents and all tested conditions of temperature, 256 

agent/fruit ratio and process times.  257 

On the other hand, the increase of solution/fruit ratio favoured the solids gain (p=0.0085), 258 

this effect was more remarkable when using sorbitol as a dehydrating agent (Figure 6). Mean 259 
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value for SG was 3.08% when using a fruit/solution ratio of 1/4 and 3.73% for the 1/10 ratio, for 260 

the osmotic agents and all tested conditions of concentration, temperature and process times.  261 

Besides, SG was independent of the thermal bath temperature (p=0.2876). These data are 262 

consistent with those obtained by Ozen et al. (2002), where the author points out that 263 

temperature is a less important factor compared to other process variables. 264 

Finally, the relative influence of independent variables was analyzed on the moisture and 265 

soluble solids content. Minimum, maximum and standard deviations for moisture content and 266 

soluble solid content were tabulated at final time (120 min) as function of the type of agent, fruit 267 

to syrup ratio and osmotic agent concentration (Table 3). 268 

It is noteworthy that fresh nectarines had an initial water content of 82.14% and initial 269 

soluble solids content of 14.15% and after sixteen different osmotic treatments, were obtained 270 

products with moisture content values between 65.55 and 75.23% and soluble solids contents 271 

between 21.50 and 31.00%, depending on operating conditions. Regarding the final values of 272 

soluble solids for dehydrated samples in glucose syrup and sorbitol, the increase of soluble solids 273 

content was relevant due to the low molecular weight of both agents (180.16 and 182.17 g/mol, 274 

respectively), this fact facilitated the entry of the molecule to the fruit (Araujo et al, 2004; Ruiz 275 

López et al, 2008). 276 

 277 

Determination of Process Efficiency 278 

To evaluate the efficiency of osmotic process the efficiency index was calculated as the 279 

ratio of WL and SG (Lazarides, 2001). Table 4 shows the obtained results for all operating 280 

conditions. 281 

For the most of the studied conditions, the efficiency index was greater than unity, this 282 

indicates that the outflow of water from the fruit into the hypertonic solution was higher than the 283 

inward flux of solutes from the solution into the fruit, therefore osmodehydrated nectarines with 284 

slight modifications in flavour will be obtained due to the entry of sugar from osmotic syrup. The 285 

maximum value of efficiency was obtained for test 3 (9.26), where the samples were 286 

osmodehydrated in glucose syrup at 40% w/w, with a fruit to syrup ratio of 1/10 and 25°C and 287 

the minimum value was for treatment 15 (2.85) where sorbitol solution at 60%, ratio 1/10 and 288 

25°C were used. 289 

The effect of concentration and process temperature on the efficiency index may be 290 

attributed to the collapse of the cell structure when working with high concentrations of osmotic 291 

solution and/or temperature causing a partial removal of osmotic solution with gas release, 292 

resulting in pores contraction and, consequently, reducing the free volume for the soluble solids 293 

impregnation (Barat et al., 2001). 294 
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Comparing the efficiency index in terms of the osmotic agent, it is observed in general that 295 

the process was more efficient in glucose, due to the osmodesdehydrated nectarines in sorbitol 296 

solution experimented more water loss but also more solids gain with the consequent decrease in 297 

the efficiency index. These results are consistent with those obtained by Ferrari et al. (2009) in 298 

the dehydration of pears in solutions of sucrose and sorbitol. 299 

 300 

Effective diffusion coefficients of water and solids 301 

 Effective diffusion coefficients were obtained from the analytical solution of Fick's 302 

second law for semi-infinite slab and from the numerical solution using the real geometry of the 303 

pieces. In the latter case, the concentration profiles of moisture and soluble solids inside the 304 

product were obtained. Typical water and soluble solids predicted concentration profiles using 305 

the real geometry are presented in Figure 7. 306 

Applying the described technique (for real geometry, Eq. 10), the parameters Dw and Ds 307 

that minimize the error function (Figure 8) can be obtained.  308 

Tables 5 and 6 show the effective diffusion coefficients of water (Dw) and solids (Ds), 309 

respectively, calculated using the analytical solution (Eq. 8) and those obtained using the 310 

numerical solution accompanied by their average relative errors (ARE). 311 

The effective diffusion coefficient of water (Table 5) calculated from the analytical 312 

solution varied between 1.27x10
-10

 and 1.37x10
-08

 m
2
 s

-1
 with values of ARE lower than 0.03, 313 

which indicates a good quality of fit between predicted and experimental values, while those 314 

obtained with the numerical solution varied in the range of 0.70x10
-09

 and 4.80x10
-09

 m
2
 s

-1
 with 315 

ARE values lower than 0.14. 316 

The solids diffusion coefficients (Table 6) calculated from the analytical solution varied 317 

from 1.14x10
-10

 to 1.08x10
-08

 m
2 

s
-1

 with ARE lower than 0.15, while those calculated from the 318 

numerical solution 0.26x10
-09

 and 1.70x10
-09

 m
2 

s
-1

 with ARE lower than 0.14. 319 

The analysis of paired mean through T test was employed to compare the diffusion 320 

coefficients of water and soluble solids obtained using analytical solution and numerical 321 

calculation.  322 

The two-tailed t-statistic for 15 degrees of freedom and with a 95% confidence is reported 323 

only as a positive value of 2.13. The values of experimental T obtained by comparing in pairs the 324 

16 diffusion coefficients of water and solids calculated for slab and real geometry were 4.12 and 325 

5.65, respectively. Therefore, there are significant differences (p<0.05) between determined 326 

values by analytical and numerical calculation. 327 

It can be observed (Tables 5 and 6) that in most processing conditions the coefficients 328 

calculated by the analytical method are higher relative to those obtained by the numerical 329 
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method. It can be explained considering that the fluxes assigned to a single direction 330 

overestimate the rate of diffusion for WL and SG values; to consider the real and irregular 331 

geometry involves a different spatial distribution and a lower rate of diffusion. The results 332 

obtained from the numerical solution are in agreement with those obtained by other authors. 333 

Besides, the diffusion coefficients from analytical solution differ in up to two orders of 334 

magnitude, which cannot be explained by differences in operating conditions. An analysis of 335 

variance was carried out to evaluate the influence of system variables on the diffusion 336 

coefficients of mass, by which it was determined that the operating variables (type of osmotic 337 

agent, concentration, fruit to syrup ratio and temperature) did not exert a significant influence 338 

(p<0.05) on Dw and Ds and values obtained from the two calculation techniques.  339 

The results obtained by numerical simulation technique are consistent with the published 340 

data. According to Ispir and Togrul (2009) the diffusion coefficients of water varied between 341 

0.77x10
-10

 and 1.75x10
-10

 m
2 

s
-1

 in OD of apricots, while Sabarez and Price (1999) obtained 342 

diffusion coefficients of water in the range of 4.30x10
-10 

and
 
7.60x10

-10 
m

2 
s

-1
 in OD of plums. 343 

On the other hand, Khoyi and Hesari (2007) reported values between 1.07x10
-09

 and 4.06 x10
-09

 344 

m
2 

s
-1

 for water diffusion and 7.69x10
-10

 and 3.13x10
-09 

m
2 

s
-1 

for solids diffusion in apricots, 345 

using Fick's law for slab. Moreover, diffusion coefficients obtained after 1 h of OD of apple 346 

tissue were 1.53x10
-10

 and 1.05x10
-10

 m
2 

s
-1 

for water and solids, respectively (Azuara et al., 347 

2009).  348 

 349 

CONCLUSIONS 350 

 351 

During the osmotic dehydration of nectarines a reduction of the moisture content and an 352 

increment of the soluble solids content are produced, with a consequent increase of water loss 353 

and solids gain as a function of process time, type, osmotic agent concentration and fruit to 354 

osmotic solution ratio. The samples osmodehydrated during 120 minutes in sorbitol solution with 355 

fruit to solution ratio of 1 to 10 and concentration of 60% obtained greater dehydration degree. 356 

The temperature of the process does no evidence an influence on the moisture content, 357 

soluble solids content, water loss and solids gain. Anyhow, the lowest value of final moisture 358 

and the highest solid content were achieved at 25°C, this was confirmed by determining the 359 

diffusion coefficient, where the water transfer from inside the fruit to the osmotic solution was 360 

higher when the process was carried out at room temperature.  361 

Diffusional coefficients calculated by the analytical method for semi-infinite slab are 362 

higher relative to those calculated considering the real geometry, overestimating the rate of 363 
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diffusion for the same values of WL and SG. The results obtained from the numerical solution are 364 

consistent with those published in literature.  365 

The study of osmotic dehydration of nectarines makes possible to provide relevant 366 

information about a new fruit for drying industry and optimize the process based on the studied 367 

variables. It is noteworthy that osmotic dehydration is not a methodology to be applied alone, but 368 

must be accompanied by another preservation technique such as hot air drying permitting to 369 

reach the moisture safety.  370 

 371 

NOMENCLATURE  372 

 373 

WL Water loss (%) 

SG Solids gain (%) 

WR Weight reduction (%) 

TSo Initial content of total solids (%) 

TS Content of total solids (%) 

Wo Initial mass of sample (g) 

W Sample mass (g) 

Dw Effective diffusion coefficient of water (m
2 

s
-1

) 

Ds Effective diffusion coefficient of solute (m
2 

s
-1

) 

Cwo Initial moisture content (g of water/100 g of sample) 

Cw Moisture Content (g of water/100 g of sample) 

Cw Moisture content at equilibrium (%) 

C Concentration (kg m
-3

) 

L Half-thickness (m) 

ARE Average relative error (dimensionless) 

t Time of process (min) 
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LEGENDS OF FIGURES 

 

Figure 1 Photograph of a piece of fruit analyzed (a), 3D model used to simulate the OD 

process (b) and equivalent infinite slab used to determine the diffusion coefficients (c). 

 

Figure 2. Block diagram for the calculation of Dw y Ds for each operating condition. 

 

Figure 3. Water loss of osmodehydrated nectarines in glucose syrup solution.  

 

Figure 4. Water loss of osmodehydrated nectarines in sorbitol solution.  

 

Figure 5. Soluble solids gain of osmodehydrated nectarines in glucose syrup solutions.  

 

Figure 6. Soluble solids gain of osmodehydrated nectarines in sorbitol solutions. 

 

Figura 7. Final profiles of moisture (a) and soluble solids (b) simulated during osmotic 

dehydration of nectarine pieces, using COMSOL-Multiphysics. 

 

Figure 8. Matrix of the error function (ARE) versus Dw and Ds for a selected processing 

condition: glucose 40%, r1/4 and 40ºC. 
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Table 1. Analysis of variance of the variables involved in osmotic dehydration of 

nectarines for WL. 

 

Variables 
WL 

Df* F p-value 

Time (TIME) 6 708.54 <0.0001 

Type of osmotic agent (OA)  1 28.40 <0.0001 

Concentration (CONOA) 1 78.37 <0.0001 

Fruit and osmotic agent ratio (FROA) 1 6.90 0.0099 

Temperature (TOD)  1 1.04 0.3108 

*Df, Degree of freedom    
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Table 2. Analysis of variance of the variables involved in osmotic dehydration of          

nectarines for SG. 

Variables 
SG 

Df F p-value 

Time (TIME) 6 33.63 <0.0001 

Type of osmotic agent (OA)  1 28.14 <0.0001 

Concentration (CONOA) 1 78.20 <0.0001 

Fruit and osmotic agent ratio (FROA) 1 7.20 0.0085 

Temperature (TOD)  1 1.14 0.2876 
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Table 3. Effect of the significant variables involved in OD of nectarines in water content 

and soluble solids content at 2 h. 

 

Operating conditions 
Moisture content (%) Soluble solids content (%) 

Min Max SD Min Max SD 

OA glucose 66.21 75.23 2.81 21.50 30.05 2.75 

OA sorbitol 65.55  74.18 3.00 22.50 31.00 2.69 

FROA 1/4 67.56 74.18 2.35 22.00 28.50 2.29 

FROA 1/10 65.55 75.23 3.70 21.50 31.00 3.57 

CONOA 40% 71.57 75.23 1.40 21.50 25.25 1.56 

CONOA 60% 65.55 74.04 3.18 22.00 31.00 3.22 

*SD, standard deviation 
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Table 4. Efficiency Index of osmotic process of nectarines. 

 

Nº Condition Efficiency Index 

1 g-40%-r1/4-25ºC 6.73 

2 g-40%-r1/4-40ºC 4.58 

3 g-40%-r1/10-25ºC 9.26 

4 g-40%-r1/10-40ºC 6.91 

5 g-60%-r1/4-25ºC 5.07 

6 g-60%-r1/4-40ºC 6.80 

7 g-60%-r1/10-25ºC 2.95 

8 g-60%-r1/10-40ºC 4.89 

9 s-40%-r1/4-25ºC 7.00 

10 s-40%-r1/4-40ºC 4.91 

11 s-40%-r1/10-25ºC 4.73 

12 s-40%-r1/10-40ºC 4.77 

13 s-60%-r1/4-25ºC 3.74 

14 s-60%-r1/4-40ºC 3.21 

15 s-60%-r1/10-25ºC 2.85 

16 s-60%-r1/10-40ºC 3.13 
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Table 5. Effective diffusion coefficients of water. 

 

Nº Condition 
Dw (m

2 
s

-1
) 

Analytical Solution 
ARE 

Dw (m
2 
s

-1
) 

Numerical solution 
ARE 

1 g-40%-r1/4-25ºC 8.29x10
-09

 0.01 1.80x10
-09

 0.07 

2 g-40%-r1/4-40ºC 8.45x10
-09

 0.03 1.30x10
-09

 0.12 

3 g-40%-r1/10-25ºC 6.56x10
-09

 0.01 2.11x10
-09

 0.13 

4 g-40%-r1/10-40ºC 2.34x10
-09

 0.003 1.00x10
-09

 0.06 

5 g-60%-r1/4-25ºC 1.37x10
-08

 0.03 2.20x10
-09

 0.13 

6 g-60%-r1/4-40ºC 9.44x10
-09

 0.02 1.70x10
-09

 0.08 

7 g-60%-r1/10-25ºC 4.79x10
-09

 0.03 0.70x10
-09

 0.13 

8 g-60%-r1/10-40ºC 1.70x10
-10

 0.02 4.80x10
-09

 0.11 

9 s-40%-r1/4-25ºC 1.22x10
-08

 0.02 4.80x10
-09

 0.11 

10 s-40%-r1/4-40ºC 5.85x10
-09

 0.02 1.30x10
-09

 0.10 

11 s-40%-r1/10-25ºC 3.91x10
-09

 0.009 1.10x10
-09

 0.07 

12 s-40%-r1/10-40ºC 6.62x10
-09

 0.02 1.80x10
-09

 0.14 

13 s-60%-r1/4-25ºC 2.67x10
-09

 0.01 1.30x10
-09

 0.06 

14 s-60%-r1/4-40ºC 2.93x10
-09

 0.003 0.70x10
-09

 0.07 

15 s-60%-r1/10-25ºC 5.73x10
-09

 0.01 1.90x10
-09

 0.09 

16 s-60%-r1/10-40ºC 1.27x10
-10 

 0.02 1.70x10
-09

 0.12 
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Table 6. Effective diffusion coefficients of solids. 

 

Nº Condition 
Ds (m

2 
s

-1
) 

Analytical solution 
ARE 

Ds (m
2 
s

-1
) 

Numerical solution 
ARE 

1 g-40%-r1/4-25ºC 7.40x10
-09

 0.06 1.10x10
-09

 0.07 

2 g-40%-r1/4-40ºC 9.00x10
-09

 0.15 0.80x10
-09

 0.12 

3 g-40%-r1/10-25ºC 5.98x10
-09

 0.07 0.26x10
-09

 0.13 

4 g-40%-r1/10-40ºC 1.90x10
-09

 0.01 0.30x10
-09

 0.06 

5 g-60%-r1/4-25ºC 6.12x10
-09

 0.03 1.30x10
-09

 0.13 

6 g-60%-r1/4-40ºC 1.08x10
-08

 0.11 0.70x10
-09

 0.08 

7 g-60%-r1/10-25ºC 4.69x10
-09

 0.11 0.30x10
-09

 0.13 

8 g-60%-r1/10-40ºC 1.50x10
-10

 0.05 1.70x10
-09

 0.11 

9 s-40%-r1/4-25ºC 7.67x10
-09

 0.07 1.13x10
-09

 0.11 

10 s-40%-r1/4-40ºC 5.55x10
-09

 0.10 0.60x10
-09

 0.10 

11 s-40%-r1/10-25ºC 4.25x10
-09

 0.05 0.60x10
-09

 0.07 

12 s-40%-r1/10-40ºC 7.86x10
-09

 0.07 1.30x10
-09

 0.14 

13 s-60%-r1/4-25ºC 2.35x10
-09

 0.06 0.60x10
-09

 0.06 

14 s-60%-r1/4-40ºC 3.33x10
-09

 0.02 0.90x10
-09

 0.12 

15 s-60%-r1/10-25ºC 6.03x10
-09

 0.05 1.40x10
-09

 0.09 

16 s-60%-r1/10-40ºC 1.14x10
-10

 0.08 0.70x10
-09

 0.07 
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