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Abstract: Application of empirical models to the 
description of mass changes during the rehydra-
tion of dried apples pretreated by different meth-
ods before drying. Five empirical models (Peleg, 
Pilosof-Boquet-Batholomai, Singh and Kulshres-
tha, Witrowa-Rajchert, and Weso owski) were in-
vestigated for their suitability to describe the mass 
changes during the rehydration of dried apples 
pretreated before drying. Following methods of 
pretreatment at temperature 20 C were applied: 
(i) 10 min in apple juice and then 10 min under 
the pressure diminished by 0.02 MPa, (ii) 30 min 
in 61.5% sucrose solution, (iii) 120 min in 61.5% 
sucrose solution. Samples (slices of 10-milimeter-
-thickness) were dried in a convective dryer. Air 
velocity was kept at 2 m/s and air temperature was 
kept at 60 C. The dried apples samples (the initial 
moisture content of approx. 6%) were rehydrated 
by immersion in: (i) distilled water at 20, 45, 70, 
and 95 C, (ii) apple juice at 20 C, (iii) 0.5% citric 
acid solution at 20 C, (iv) 16.5% sucrose solution 
at 20 C. The accuracies of the models were mea-
sured using the root mean square error (RMSE), 
determination coef  cient (R2), and reduced chi-
-square ( 2). The Peleg model can be considered 
as the most appropriate (RMSE = 0.022–0.185, 
R2 = 0.917–0.998, 2 = 0.001–0.039). The high-
est values of equilibrium mass were obtained for 
pretreating 10 min in apple juice and then 10 min 
under the pressure diminished by 0.02 MPa at 
temperature 20 C.
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INTRODUCTION

The knowledge of the rehydration ki-
netics of dried products is important to 
optimise process from a quality point of 
view because rehydration is a key qual-
ity aspect for those dried products that 
have to be reconstituted before their 
consumption. The most important aspect 
of rehydration technology is the math-
ematical modelling of the rehydration 
process. Many theoretical and empirical 
approaches have been employed and in 
some cases empirical models were pre-
ferred because of their relative ease of 
use [Kaleta and Górnicki 2006, Górnicki 
2010]. 

The objective of this study was to ap-
ply  ve empirical models to the descrip-
tion of mass changes during rehydration 
of dried apples pretreated by different 
methods before drying. It turned out 
from the literature survey that although 
there are several works on the rehydra-
tion behaviour of apples [Prothon et al. 
2001, Taiwo et al. 2002, Lis et al. 2004, 
Bilbao-Sáinz et al. 2005, Atarés et al. 
2008, 2009, Kaleta et al. 2010, Górnicki 
2011, Fija kowska et al. 2012] there is no 
information on the subject undertaken in 
this study.
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MATERIAL AND METHODS

Ligol variety apples used in this study 
were acquired in local market. Homo-
geneous lots were selected according to 
such maturity indicators as fruit size and 
appearance. Large, yellow, and covered 
with bright red blush apples were cho-
sen. They had cream-coloured, crispy, 
and juicy  esh and good aroma. Apples 
were cut into slices of 10-milimeter-
-thickness. Before drying slices were 
pretreated at 20 C by following meth-
ods: (i) 10 min in apple juice and then 
10 min under the pressure diminished by 
0.02 MPa, (ii) 30 min in 61.5% sucrose 
solution, (iii) 120 min in 61.5% sucrose 
solution. Samples were dried in a con-
vective dryer. Air velocity was kept at 
2 m/s and air temperature was kept at 
60 C. Drying was continued until no 
further changes in mass samples were 
observed. Experiments were replicated 
three times. Dried material obtained in 
the same conditions was stored in air-
tight glass container until it was used in 
the rehydration experiments.

The dried apples samples (the initial 
moisture content of approx. 6%) were 
rehydrated by immersion in: (i) distilled 
water at 20, 45, 70, and 95 C, (ii) apple 
juice at 20 C, (iii) 0.5% citric acid so-
lution at 20 C, (iv) 16.5% sucrose solu-
tion at 20 C. An initial amount of 10 g of 
dried apples was used in each trial. The 
measurements lasted from 2 h (for dis-
tilled water at 95 C) to 6 h (for each me-
dium at 20 C). Samples were weighted 
seven times during the rehydration. They 
were carefully removed, blotted with pa-
per towel to remove super  cial medium, 
and weighted. The mass of samples dur-
ing rehydration were weighted with  ele-

ctronic scales WPE-300 (RADWAG, Ra-
dom, Poland) with accuracy of ±0.001 g.
Maximum relative error was 0.1%. The 
measurements were replicated three 
times.

The course of rehydration character-
istics of apple slices was described with 
the following models:

the Peleg [1988] model

0 1 2
1m t t

m A A t
 (1)

where:
m(t) – mass of rehydrated sample [g];
m0 – mass of dried material [g];
t – time [h];
A1 – Peleg rate constant [h]; 
A2 – Peleg capacity constant.

the Pilosof-Boquet-Batholomai [1985] 
model
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where:
A3, A4 – constants;

the Singh and Kulshrestha [1987] 
model
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where: A5, A6 – constants;

the Witrowa-Rajchert [1999] model
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where:
A, B, C – constants; 

the Weso owski [2000] model
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where:
A, B, C – constants.

The goodness of  t of the tested mod-
els to the experimental data was evalu-
ated with the root mean square error 
(RMSE), the coef  cient of determina-
tion (R2), and reduced chi-square ( 2). 
The higher the R2 value, and lower the 
RMSE and 2 values, the better is the 
goodness of  t. In this study, the regres-
sion analyses were done using the STA-
TISTICA routine.

The equilibrium mass (me) of rehy-
drated apple slices determined was using 
the discussed models. If time of rehydra-
tion is long enough (t ) the equilibri-
um mass can be calculated by: (i) me/m0 
= 1 + A2

–1 for the Peleg model, (ii) me/m0 
= 1 + A3 for the Pilosof-Boquet-Batholo-
mai model, (iii) me/m0 = 1 + A5 for the 
Singh and Kulshrestha model, (iv) me/m0 
= A + B for the Witrowa-Rajchert model, 
and (v) me/m0 = A · B for the Weso owski 
model.

RESULTS AND DISCUSSION

Example of variation in relative mass 
changes (m(t)/m0) during the rehydration 
of apple slices (pretreated before drying 
at 20 C in 61.5% sucrose solution for 
30 min, dried in convective dryer at 60 C 
and 2 m/s) immersed in 0.5% citric acid 
solution at 20 C and the results of veri  -
cation of the considered empirical mod-
els are presented in Figure 1a–c. It can be 
seen that moisture uptake increase with 
increasing rehydration time, and the rate 
is faster in the initial period of rehydra-
tion and decreased up to the saturation 
level. This initial period of high water 
uptake can be attributed to the capillar-

ies and cavities near the surface  lling up 
rapidly [Garcia-Pascual et al. 2005, Cun-
ningham et al. 2008]. As water absorp-
tion proceeds, rehydration rates decline 
due to increased extraction rates of solu-
ble materials [Abu-Ghannam and Mc
Kenna 1997]. Similar  ndings have been 
noted in the previous studies [Planini  
et al. 2005, Jambrak et al. 2007, Deng 
and Zhao 2008] and for the other experi-
ments conducted in this work. 

It can be seen from Figure 1a–c that 
 ve considered empirical models de-

scribe the course of rehydration curve 
well. Analysis of all obtained graphs 
shows similar values of absolute and 
relative errors.

The exemplary results of statisti-
cal analyses on the modelling of mass 
changes during the rehydration of dried 
apple slices in distilled water at 70 C 
and the summary results (for all experi-
ments conducted in this work) of statis-
tical analyses on the modelling of mass 
changes during the rehydration of dried 
apple slices are given in Tables 1 and 2. 
As can be seen from the statistical analy-
ses results, generally high determination 
coef  cient R2 were observed for the fol-
lowing models: Peleg, Pilosof-Boquet-
-Batholomai, Singh and Kulshrestha, 
Witrowa-Rajchert, and Weso owski. It 
can be however noticed that the Peleg 
model gave the lowest values of RMSE 
and 2. Therefore it turned out from the 
statistical analyses that the Peleg model 
can be considered as the most appropri-
ate. This model has been widely used due 
to its simplicity, and has been reported to 
adequately describe the changes of mois-
ture content during the rehydration of 
various dried products such as apples cv. 
‘Fuji’ [Deng and Zhao 2008], bambara 
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[Jideani and Mpotokwana 2009], Boletus 
edulis mushroom [Garcia-Pascual et al. 
2005], chickpea [Turhan et al. 2002], 
and red kidney beans [Abu-Ghannam 
and McKenna 1997]. The Peleg model 
has been also veri  ed for the increase in 
mass during rehydration of such dried 
products as apples cv. ‘Granny Smith’ 
[Bilbao-Sáinz et al. 2005, Atarés et al. 

2008, 2009], carrots [Markowski and 
Zieli ska 2011], and mango [Giraldo et 
al. 2006]. The conditions of drying and 
rehydration of apples at paper mentioned 
earlier were different from conditions 
applied in this work.

The values of equilibrium mass ob-
tained from the Peleg, Pilosof-Boquet-
-Batholomai, and Singh and Kulshrestha 
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FIGURE 1. Veri  cation of the considered empirical models for the rehydration of apple slices (pre-
treated before drying at 20 C in 61.5% sucrse solution for 30 min, dried in convective dryer at 60 C 
and 2 m/s) immersed in 0.5% citric acid solution at 20 C: (a) relative mass increment vs time; (+) 
experimental data, ( ) Peleg model, (- - - -) Pilosof-Boquet-Batholomai model, (– – –) Singh and 
Kulshrestha model, (   ) Witrowa-Rajchert model, (   ) Weso owski model, (b) absolute error 
of rehydration curve approximation; ( ) Peleg model, ( ) Pilosof-Boquet-Batholomai model, ( ) Singh 
and Kulshrestha model, (x) Witrowa-Rajchert model, ( ) Weso owski model, (c) relative error of rehy-
dration curve approximation; ( ) Peleg model, ( ) Pilosof-Boquet-Batholomai model, ( ) Singh and 
Kulshrestha model, (x) Witrowa-Rajchert model, ( ) Weso owski model



Application of empirical models to the description... 77

TABLE 1. Results of statistical analyses on the modelling of mass changes during the rehydration of 
dried apple slices in distilled water at 70 C

Method of 
pretreatment

Model 
name Equation Model 

parameters
Equilibrium 

value RMSE R2 2

10 min in apple 
juice and then 
10 min under the 
pressure dimini-
shed by 0.02 MPa 
at 20 C

P 1 A1 = 0.254
A2 = 0.370 3.73 0.120 0.978 0.017

PBB 2 A3 = 2.726
A4 = 0.691 3.73 0.120 0.978 0.017

SK 3 A5 = 2.726
A6 = 1.447 3.73 0.120 0.978 0.017

W-R 4
A = 1.082
B = 2.710
C = 0.466

3.80 0.113 0.979 0.016

W 5
A = 2.204
B = 1.527
C = 1.042

3.37 0.153 0.962 0.029

30 min in 61.5% 
sucrose solution 
at 20 C

P 1 A1 = 0.567
A2 = 0.444 3.25 0.060 0.990 0.004

PBB 2 A3 = 2.254
A4 = 1.279 3.25 0.060 0.990 0.004

SK 3 A5 = 2.254
A6 = 0.782 3.25 0.060 0.990 0.004

W-R 4
A = 1.032
B = 2.268
C = 0.317

3.30 0.058 0.990 0.004

W 5
A = 1.733
B = 1.614
C = 0.742

2.80 0.074 0.983 0.007

120 min in 61.5% 
sucrose solution 
at 20 C

P 1 A1 = 0.445
A2 = 0.453 3.21 0.088 0.980 0.009

PBB 2 A3 = 2.206
A4 = 0.983 3.21 0.088 0.980 0.009

SK 3 A5 = 2.206
A6 = 1.018 3.21 0.088 0.980 0.009

W-R 4
A = 1.036
B = 2.207
C = 0.425

3.24 0.089 0.980 0.009

W 5
A = 1.739
B = 1.620
C = 0.885

2.82 0.106 0.970 0.014

P – Peleg; PBB – Pilosof-Boquet-Batholomai; SK – Singh and Kulshrestha; W-R – Witrowa-Rajchert; 
W – Weso owski.
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models are the same. The Witrowa-Raj-
chert model gave slightly higher values 
of equilibrium mass and values obtained 
from the Weso owski model are lower. 
For all considered models the highest 
values of equilibrium mass were ob-
tained for pretreating 10 min in apple 
juice and then 10 min under the pressure 
diminished by 0.02 MPa at 20 C.

CONCLUSIONS

Five empirical models were investigated 
for their suitability to describe the mass 
changes during the rehydration of dried 
apples pretreated by different methods 
before drying. The root mean square er-
ror, the determination coef  cient, and 
reduced chi-square were estimated for 
all models considered to compare their 
goodness of  t the experimental rehydra-
tion data. It turned out from the statisti-
cal analyses that the Peleg model can be 
considered as the most appropriate.
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Streszczenie: Zastosowanie empirycznych modeli 
do opisu zmian masy podczas rehydratacji suszo-
nych jab ek poddanych ró nym metodom obróbki 
wst pnej przed suszeniem. Badano pi  empirycz-
nych modeli: Pelega, Pilosof-Boquet-Batholo-
mai, Singh i Kulshrestha, Witrowej-Rajchert oraz 
Weso owskiego, pod k tem ich przydatno ci do 
opisu zmian masy w procesie rehydratacji suszo-
nych jab ek. Materia em badawczym by y 10 mm 
plastry jab ek suszone w warunkach konwekcji 
wymuszonej (w temperaturze 60 C i przy pr dko-
ci czynnika susz cego 2 m/s). Przed suszeniem 

krajank  jab ek poddawano nast puj cym meto-
dom obróbki wst pnej (w temperaturze 20 C): 
10 min w soku jab kowym, a nast pnie 10 min pod 
ci nieniem pomniejszonym o 0,02 MPa, 30 min
w 61,5-procentowym  roztworze sacharozy, 
120 min w 61,5-procentowym roztworze sacharo-
zy. Proces rehydratacji prowadzono w wodzie de-
stylowanej w 20, 45, 70 i 95 C, soku jab kowym 
w 20 C, 0,5-procentowym roztworze kwasku cy-
trynowego 20 C. Miar  dok adno ci dopasowania 
danych otrzymanych z modeli do danych empi-

rycznych by y: pierwiastek b du redniokwadra-
towego (RMSE), wspó czynnik determinacji (R2) 
oraz zredukowany chi-kwadrat ( 2). Model Pelega 
mo na uzna  za najbardziej odpowiedni do opisu 
zmian masy w procesie rehydratacji suszonych 
jab ek (RMSE = 0,022–0,185, R2 = 0,917–0,998, 

2 = 0,001–0,039). Susz krajanki jab ek, który 
by  poddany przed suszeniem obróbce wst pnej 
polegaj cej na umieszczeniu surowca na 10 min 
w soku jab kowym i nast pnie na 10 min 
w warunkach obni onego o 0,02 MPa ci nienia 
w 20 C, charakteryzowa  si  w procesie rehydra-
tacji najwi ksz  warto ci  równowagowej masy. 
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