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ABSTRACT The main aim of this research was to study the effect of high hydrostatic 
pressures before hot air drying during matter transfer of blueberries variety O’Neil in 
comparison to three pretreatments commonly used in drying kinetics. The samples were 
subjected to the following pretreatments: enzymatic (Pectinex 8% v/v at 50ºC for 
30 min), sodium hydroxide (1.5% w/v for 10 s), microwave (power 1500 W for 10 sec), 
high hydrostatic pressures (HHP) (350 MPa for 30 s) and with no pretreatment (only 
drying at 70ºC). The drying experiments were carried out using a convective dryer at 
70±0.2ºC with an air flow rate of 2.0±0.1 m/s. All the experiences were carried out in 
triplicate. The equations of Modified Page, Wang & Singh, Modified Henderson-Pabis, 
Logarithmic, Two Terms and Fick’s second law were applied in the study and in the 
modelling of the drying kinetics of this fruit. All pretreatments decreased considerably 
the drying time of 780 min (no-pretreatment) to 480 min, the HHP and Enzymatic 
pretreatments having the shortest processing time (420 min). Logarithmic and Wang & 
Singh models gave the best fits for each drying curve, based on the statistical test 
determination coefficient, sum square error and Chi-square. In consequence, both models 
are excellent tools for estimating the drying time of this product. 
 
Keywords: blueberry, drying kinetics, high hydrostatic pressure, modelling, statistical 
tests  

INTRODUCTION  The blueberry variety O’Neil belongs to the genus Vaccinium, 
family Ericaceae, native of North America. It is in the product grouping of berries that 
includes strawberry, blackberry, raspberry, and others. In Chile, blueberries mature 
between December and late January, depending on the cultivation and zone, and 
extending over a period of 4–5 weeks (Vega-Gálvez et al., 2009). The increasing 
blueberries consumption since the 1990s requires the food industry to apply new 
processes to improve the post-harvest fruit shelf life in order to maintain the original 
attributes minimising the operation costs (Moraga et al., 2006). One alternative is the 
dehydration process that can use as input material the exceeding of current exportation 
fruit (Álvarez, 1995). The implementation of this technology may contribute to the 
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increase of local development, consumption and productivity as well as high quality 
exportation products and integral use of the material in epochal production (Vega-Gálvez 
et al., 2009). 
The conventional hot air drying is a cheaper method. It has several disadvantages such as 
non-uniformity of the dried sample, slower drying rates and lower quality of the resulting 
products. These, however, can be improved using a combination of different 
pretreatments. Pretreatments are carried out to improve product quality and to reduce 
drying time. When pretreatments are used, final products differ from those without 
pretreatment. The differences are evident in many properties, including colour and 
rehydration rate (Pérez and Schmalko, 2009). During pretreatment, changes occur in the 
cell membranes, which play a key role in the changes that occur within the tissue during 
further processing. The changes in the state of the cell membranes may vary between 
partial and total permeabilization depending on the treatment (Taiwo et al., 2001). 
Various empirical equations are used for modelling drying kinetics of foods. Prominent 
among these are the equations of Newton, Henderson-Pabis, Page, Modified Page, Wang-
Singh, among others (Ertekin and Yaldiz, 2004; Akpinar, 2006). Most of these equations 
have been derived from the diffusional model of Fick's second law for different 
geometries. In addition, the empirical equations offer a compromise between theory and 
ease of use (Turhan et al., 1997). The main aim of this research was to study the effect of 
high hydrostatic pressures before hot air drying during matter transfer of blueberries var. 
O’Neil in comparison to three pretreatments commonly used in drying kinetics.  

METHODOLOGY  Blueberries were cultivated and purchased in the province of 
Salamanca, Chile. The samples were selected to provide a homogenous group, based on 
their date of harvest, colour, size and freshness according to visual analysis. Then they 
were stored at 4ºC before processing for a maximum time period of 5 days. The samples 
were subjected to the following pretreatments: Enzymatic (Pectinex 8% v/v at 50ºC for 
30 min), Sodium Hydroxide (NaOH) (1.5% w/v for 10 sec), Microwave (Power 1500 W 
for 10 sec), High Hydrostatic Pressures (HHP) (350 MPa for 30 sec) and with no-
pretreatment (only drying at 70ºC). The moisture content was determined following 
A.O.A.C. methodology nº 934.06 (A.O.A.C., 1990). All samples were dried in a 
convective tray drier at 70±0.2 ºC , which includes a fan and a control panel that monitors 
the air velocity and temperature. The air flow rate was 2.0±0.1 m/s. All the experiences 
were carried out in triplicate. The samples (14.67±1.81 g) are arranged in a layer within a 
stainless steel basket, which is suspended from a digital balance (Ohaus, SP402, USA) 
accurate to ±0.01 g. and connected to a PC using an electronic interfacing device (Ohaus, 
RS232, USA). The computer records and stores all data from the balance in real time, 
until the sample reaches constant weight (equilibrium condition) by means of the 
Microsoft® Hyperterminal software. 
In these models, the dependent variable is the moisture ratio (MR) of Equation 1, relating 
the gradient of the sample moisture content in real time to both initial and equilibrium 
moisture content (Babalis and Belessiotis, 2004). Fick’s second law was used for long 
time periods, and also spherical geometry in one dimension, representing the first term in 
the development of the series in equation 2 (Crank, 1975), from which the diffusion 
coefficient (Dwe, m2/s) is obtained for each experiment. In addition, in the present study 
the experimental results of the moisture ratio with drying time were modelled using 
equations from 2 to 7. The lowest χ2 Chi-square (Equation 8) statistical test value was 
selected as optimal criterion in order to evaluate the fit quality of the empirical and 
proposed models, and then to select the equation which best described the drying curves. 
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Where Xwt is the moisture content (g water/g d.m.), Xwo is the initial moisture content (g 
water/g d.m.), Dwe is the diffusional coefficient (m2/s), t is the drying time (s, min) and r 
is the equivalent radius (m), ki is the kinetic parameters (min-1), ni and C is the empirical 
parameters (dimensionless), i is the number of terms, MRej is the experimental moisture 
content (g water/g d.m.), MRcj is the calculated moisture content (g water/g d.m.), N is 
the number of data values, z is the number of constants and j is the number of terms.  

RESULTS AND DISCUSSION  The initial content of the blueberry was 78.5±1.27 
g/100 g of fresh matter. The drying process was terminated once no changes in mass 
could be observed (e.g. at constant weight), which occurred at 0.02 g water/g d.b. Figure 
1 shows the drying curves obtained experimentally at the four pretreatments, respectively. 
All pretreatments decreased considerably the drying time of 780 min (no-pretreatment) to 
480 min, having the HHP and Enzymatic pretreatments the least processing times (420 
min). Similar behaviour was observed by Karaaslan and Tunçer (2008) in spinach; 
Kingsly et al. (2007) in drying peach slice; Dandamrongrak et al. (2003) in banana and  
Doymaz and Pala (2002) in grapes. Figure 1 also shows that the decrease of moisture 
ratio has a clear exponential tendency; thus, the use of the models proposed in this study 
for the complete drying process is highly recommended. 
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Figure 1. Drying curves at 70ºC for the blueberries to different pretreatments.  

The Dwe values for the different pretreatment are show in Table 1. As shown in the table, 
all pretreatments showed higher Dwe values than the no-pretreatment sample. This shows 
the clear influence of pretreatment used on the diffusivity of water in the blueberry. The 
analysis of variance (ANOVA) carried out on the Dwe parameters for a confidence level 
of 95.0%, gave a p-value<0.05, showing statistically significant differences for each 
pretreatment employed. The Dwe reaches a maximun value of 10.93x10-10 m2/s for 
Enzymatic pretreatment and a minimum value of 5.75 x10-10 m2/s for non-pretreated 
sample.  

Table 1. Mean values of diffusion coefficient of blueberry at different pretreatments 
Pretreatment Dwe x10-10(m2/s) r2 

No pretreatment 5.75 ± 0.56 a 0.96 
Enzimatic 10.93 ± 2.17 c 0.90 

NaOH 8.17 ± 0.20 b 0.93 
Microwave 8.58 ± 1.06 b 0.95 

HHP 9.09 ± 0.51 b,c 0.96 
Different letters in the same column indicate that the values are significantly different (p-
value<0.05) 

Table 2 shows the empirical parameters values of five models used for each treatment 
evaluated. In some models there was a clear positive increase of ki values with the 
pretreatment used in comparison to no-pretreatment sample, while the ni values remained 
relatively unchanged. A p-value>0.05 was obtained from the ANOVA on the averages of 
parameters ni= 1, 2, 3, 4, 5, 6, 7 and 8, suggesting that there was no significant influence 
of the treatment used on these empirical parameters. The same statistical evaluation 
(ANOVA) was carried out on the averages of the kinetic parameters of Table 2 (ki=1, 2, 
3, 4, 5, 6, 7 and 8), obtaining a p-value<0.05, which suggests a significant influence of 
the treatment used on these kinetics parameters. 
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Table 2. Values of kinetic and empirical parameters for each model by drying curves 

Models Parameters No pretreatment Enzimatic NaOH Microwave HHP 
Modified Page k1 0.0048 ± 0.0011 0.0072 ± 0.0019 0.0053 ± 0.0003 0.0090 ± 0.0067 0.0093 ± 0.0027 
 n1 0.9302 ± 0.0320 1.1753 ± 0.3233 1.0507 ± 0.0619 1.2148 ± 0.1031 1.0837 ± 0.0678 
Wang & Singh n2 -0.0028 ± 0.0003 -0.0040 ± 0.0001 -0.0035 ± 0.0003 -0.0038 ± 0.0004 -0.0041 ± 0.0003 
 k2 1.6x10-06 ± 5.7x10-07 4.3x10-06 ± 5.7x10-07 2.6x10-06 ± 5.7 x10-07 3.3x10-06 ± 5.7x10-07 4.3x10-06 ± 5.7x10-07 
Logarithmic n3 1.1870 ± 0.1203 1.2459 ± 0.0665 1.4872 ± 0.2188 1.3940 ± 0.1008 1.1380 ± 0.0600 
 k3 0.0027 ± 0.0007 0.0037 ± 0.0004 0.0026 ± 0.0007 0.0031 ± 0.0001 0.0045 ± 0.0005 
 C -0.1945 ± 0.1274 -0.2430 ± 0.0621 -0.4864 ± 0.2242 -0.3776 ± 0.1077 -0.1312 ± 0.0617 
Two Terms n4 0.5121 ± 0.0010 0.5193 ± 0.0145 0.5215 ± 0.0037 0.5288 ± 0.0079 0.5184 ± 0.0065 
 k4 0.0038 ± 0.0004 0.0057 ± 0.0003 0.0051 ± 0.0004 0.0056 ± 0.0006 0.0059 ± 0.0003 
 n5 0.4993 ± 0.0032 0.5056 ± 0.0092 0.5062 ± 0.0027 0.5129 ± 0.0036 0.5044 ± 0.0039 
 k5 0.0038 ± 0.0004 0.0057 ± 0.0003 0.0051 ± 0.0004 0.0056 ± 0.0006 0.0059 ± 0.0003 
Modified H-P n6 0.3400 ± 0.0008 0.3451 ± 0.0099 0.3467 ± 0.0025 0.3516 ± 0.0053 0.3444 ± 0.0043 
 k6 0.0038 ± 0.0004 0.0057 ± 0.0003 0.0051 ± 0.0004 0.0056 ± 0.0006 0.0059 ± 0.0003 
 n7 0.3398 ± 0.0010 0.3437 ± 0.0076 0.3444 ± 0.0021 0.3490 ± 0.0037 0.3431 ± 0.0034 
 k7 0.0038 ± 0.0004 0.0057 ± 0.0003 0.0051 ± 0.0004 0.0056 ± 0.0006 0.0059 ± 0.0003 
 n8 0.3316 ± 0.0021 0.3361 ± 0.0062 0.3366 ± 0.0018 0.3411 ± 0.0024 0.3353 ± 0.0026 
 k8 0.0038 ± 0.0004 0.0057 ± 0.0003 0.0051 ± 0.0004 0.0056 ± 0.0006 0.0059 ± 0.0003 
Where ki is the kinetic parameters (min-1), ni and C is the empirical parameters (dimensionless), t is the drying time (min) and i is the 
number of terms 
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All the proposed models showed a good fit with high values of r2 (>0.90) and values 
close to zero for χ2. According to these results, the models that best fitted the 
experimental data, considering the statistical tests applied, were Logarithmic model 
(χ2<0.0014 ) followed by  Wang & Singh (χ2<0.0024). The best fit obtained by the 
Logarithmic model may be due to the possession of exponential parameters, which 
provide a better mathematical approximation of the drying curves which have exponential 
tendencies (Azzouz et al., 2002; Doymaz, 2005).  
Figures 2a and 2b show the experimental and calculated values for the drying curves 
represented by MR vs. time for the two best models found in this investigation. Both 
models give similar results over the entire drying process from the beginning to the end. 
Good modelling was also shown halfway through the drying process, which is a result not 
given by many models, since the middle stage of the drying process is the segment, where 
most of the water is removed from the food, requiring a good simulation prior to the 
beginning of the water vapour diffusion, which requires the greatest drying time (Simal et 
al., 2005).  
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Figure 2. Experimental drying curves and those calculated with the (a) Logarithmic and 
(b) Wang & Singh models for all treatments employed. 

 

CONCLUSION  The results of this study demonstrate that pretreatments such as 
Enzymatic, Sodium Hydroxide, Microwaves and High Hydrostatic Pressure significantly 
increased drying rate and reduced the drying time from 780 min (no-pretreatment) to 480 
min, having the HHP and Enzymatic pretreatments the least processing times (420 min). 
The water diffusion coefficient of pretreated samples was higher than the non-preatreated 
sample, reaching the maximum Dwe value of 10.93 x10-10 (m2/s) for the Enzymatic 
pretreatment. Logarithmic model (χ2<0.0014 ) followed by Wang & Singh model 
(χ2<0.0024) gave the best fits for each drying curve.  
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