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ABSTRACT 
The main objective of this article was to investigate the use of the diffusive model, Zugarramurdi and Lupin’s model, Peleg’s 

model, second order polynomial model and Weibull-type model for the prediction of water loss and solid gain, during osmotic treat-
ment of fish (Carassius gibelio) in sugar beet molasses solution. The accepted experimental design allowed to assess the effect of so-
lution concentration (60-80% w/w), temperature (10, 20, 35 and 50 oC) and immersion time (1-5h), and to quantify water and solid 
mass transfer coefficients. The considered empirical models were able to represent satisfactorily the transfers of water and solids 
during all osmotic treatments. 

Key words: Osmotic treatment, Fish, Sugar beet molasses, Mathematical model. 

REZIME 
Cilj ovog rada je ispitivanje primene difuzionih modela, Zugarramurdi i Lupin-ovog modela, Peleg-ovog modela, modela poli-

noma drugog reda i Weibull-tip modela za predviđanje gubitka vode i priraštaja suve materije, tokom osmotskog tretmana ribe 
(Carassius gibelio) u rastvorima melase šećerne repe. Usvojena postavka eksperimenta pruža uvid u uticaj koncentracije rastvora 
(60-80% w/w), temperature (10, 20, 35 i 50 oC), vremena imerzije (1-5h), i vrednosti koeficijenata prenosa mase. Razmatrani empiri-
jski modeli su na zadovoljavajući način predstavili prenos vode i suve materije tokom svih osmotskih tretmana. 

Ključne reči: Osmotski tretman, Riba, Melasa šećerne repe, Matematički model. 
 

INTRODUCTION 
Osmotic treatment (OT) involving immersion in concen-

trated salt, sugar and water solution is an advantageous alterna-
tive to dry-salting method for fish preservation (Martı´nez-
Alvarez et al., 2005; Tsironi and Taoukis, 2014). Sugar beet mo-
lasses is an uncommon osmotic medium, but yet highly efficient 
due to high dry matter content, specific nutrient composition, 
low cost and energy requirements (Koprivica et al., 2010;    
Mišljenović et al., 2010). Sugar beet molasses is an excellent 
medium for osmotic treatment, primarily due to the high dry 
matter (more than 80%) and specific nutrient content. According 
to Sauvant et al., (2004)  and Grbeša (2004), cations concentra-
tion in sugar beet molasses are as follows: 3920 mg K/100 g, 
680-1300 mg Na/100 g, 100 mg Ca/100 g, 50-320 mg Mg/100 g 
and 11.7 mg Fe/100 g. The specific chemical composition (ap-
proximately  51% sucrose, 1%  raffinose, 0.25% glucose and 
fructose, 5% proteins, 6% betaine, 1.5% nucleosides, purine and 
pyramidine bases, organic acids and bases) and high content of 
solids (around 80%) provide high osmotic pressure in the solu-
tion, there for molasses appears to be an excellent osmotic me-
dium. 

Due to high viscosity of molasses at low temperatures better 
results concerning technological parameters and reduction of 
microorganisms are obtained at higher processing temperatures 
(Filipović et al., 2012).   During osmotic dehydration of fish two 
major mass transfer flows occur: water flow from fish tissue and 
uptake of solids from the hypertonic solution into the fish tissue 
(Tortoe, 2010). To have an overview of the osmotic treatment 
and to design optimum-drying conditions, it is very important to 
investigate the mass transfer changes (solid gain and water loss), 

as well to describe and predict these changes using mathematical 
modeling (Mujaffar and Sankat, 2005). Diffusion equations have 
analytical solutions only for classical geometries, while for non-
classical geometries, numerical methods are necessary. In this 
way, the use of other empirical models is of interest. Peleg 
(1988) used a two parameters model to represent the water ad-
sorption by milk powder and whole rice grains. Empirical mod-
els based on a Weibull-type equation, with exponential shape, 
have been used to represent drying rates and osmotic dehydra-
tion rates of foods (Machado et al., 1999). However, there are a 
few works in the literature about the application of such empiri-
cal models for describing hydration processes on meat cubes 
(Pezo et al., 2013). The objective of this work was to investigate 
the applicability of the Zugarramurdi and Lupin’s model, second 
order polynomial model, diffusive model, Peleg’s model and ex-
ponential model (Weibull-type) on the prediction of water 
gain/loss and solid gain of fish (Carassius gibelio) meat samples 
immersed in sugar beet molasses solutions of different concen-
trations and temperatures. 

MATERIAL AND METHOD 
Fish (Carassius gibelio) was purchased from a local market 

in Novi Sad, Serbia, shortly prior to the experiment with initial 
moisture content of 75.34%. Sugar beet molasses (dry matter 
content of 85.04% w/w) were obtained from the sugar factory 
Pećinci, Serbia, and they were  diluted to concentrations of 60, 
70 and 80% w/w.  

The osmotic treatment was carried out in laboratory jars un-
der atmospheric pressure in heat chamber at solution tempera-
tures of 10 °C, 20 °C, 35 °C and 50 °C. Preparation of fish sam-
ples and osmotic dehydration treatment was performed as it was 
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described by Ćurčić et al., (2012). Dry matter content of the 
fresh and treated samples was determined by drying at 105 °C 
for 24 hours in a heat chamber (Instrumentaria Zagreb, Croatia). 
All analytical measurements were carried out in accordance to 
AOAC (2000). All experiments were done in triplicate, and the 
obtained results are presented in Figure 1. These data were used 
in the calculation of all mathematical models.  

 

 

 
Fig. 1. Experimentally obtained values for WL and SG 

 

As predicted, the process leads to an increase in dry matter 
content of all samples regardless of used conditions. The huge 
difference in osmotic pressure between hypertonic solution and 
the tissue causes the vast initial loss of the water at the beginning 
of the dehydration process, and the water loss increased with 
immersion time. The maximum value of water loss was 
achieved, after 5 hours, at maximum concentrations recorded in 
Fig. 1: 0.53 g/g i.s. (molasses, concentrated to 80% w/w). Solid 
gain (SG) value indicates the degree of penetration of solids 

from hypertonic solution into the sample. Fig. 1 shows that SG 
increases with immersion time. The aim of osmotic treatment is 
the achievement of minimal solid uptake, and the most accept-
able results were achieved by using sugar beet molasses concen-
trated to 80% w/w (0.12 g/g i.s.w.), after 3 hours of osmotic 
process. 

Peleg's model. In this paper, Peleg’s equation is expressed in 
term of WL or SG. In the next equations, Y represents WL or 
SG. Peleg (1988) proposed an equation to describe the kinetics 
of moisture sorption that approaches equilibrium asymptotically. 
The adaptation of this model for the present work is given by 
Eqn. (2).

  
Y Y
1 2

tY
k k t

=
+ ⋅

 (1) 

 

where k1
Y and k2

Y are Peleg constants for WL or SG.  
The reciprocal value of k2 allows determining the water con-

tent or solid concentration at "equilibrium" conditions (Y∞), that 
depends on the temperature and solid solution concentration, i.e. 
when t→∞ (Eqn. (1)). 

Diffusive model. The kineticks of solid or water in meat 
samples submitted  to OT could be represented by Eqn. (2), 
which takes into account the contributions of diffusion (first 
term on the right side) and bulk flow (second term on the right 
side of equation): 

 

1 2
Y

2

D tY =8
Yπ L∞

⋅ ⋅ ⋅ 
  (2) 

 

where, DY is effective diffusivities of water and solute, re-
spectively; L is the sample length (m) and t is the time (s). The 
value of Y∞ can be estimated from experimental data and Peleg’s 
model or Azuara’s model (Azuara et al., 1992). In this work, the 
former model was used for Y∞ estimations. 

Zugarramurdi and Lupin's model. The following mathemati-
cal model, with an exponential approach to the equilibrium value 
of moisture and solutes contents, was proposed by Zugarramurdi 
and Lupin (1980): 

 

( )*( ) ( ) ( ) ,i
i i i

dX t k X t X t
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= ⋅ −  

( )* 0 *( ) ik t
i i i iX t X e X X− ⋅= + ⋅ −

 
(3) 

 

where, i – index of moisture, or mineral content, Xi 
*is mass 

of i-th component at equilibrium, , ki  is specific rate constant for 
the i-th component.  

 

Exponential model. An exponential model with three pa-
rameters has been used for describing WG and SG during OT. 
This model is a Weibull-type model and is given by Eqn. (4) 
(Cunha et al., 2001). 

 

*

Y =1 exp
Y

t
α

β

  
−  −        (4) 

 

Y*-WL or SG at equilibrium  α, β-parameters. 
Second order polynomial model. The following second order 

polynomial (SOP) model was fitted to the data: 
 

2Y=a+b t+c t⋅ ⋅   (5) 
 

Data analysis. Non-linear least square regression analysis 
was performed using Levenberg-Marquardt procedure in Statis-
tica 10 computer program. The correlation coefficient (r2) was 
the primary criteria for selecting the best equation to define a 
suitable model.  
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RESULTS AND DISCUSSION 
Several mathematical models were performed in order to de-

scribe osmotic treatment of fish meat in sugar beet molasses. All 
models were statistically analyzed, to find the best fitting func-
tion.  

Peleg’s model. Experimental data of WL and SG were used 
to evaluate the adequacy of the Peleg’s equation (Eqn. (1)). The 
evaluated k1 and k2 values for different solution concentrations 
and temperatures are shown in Table 1. The capacity constants, 
k2, are related to equilibrium WL and SG, i.e. the lower the k2 
higher equilibrium WL or SG. The WL

2k  decreases with increas-
ing concentration, SG

2k  increases with concentration, while both 
WL
2k and SG

2k  decrease with increasing temperature. Diffusion 
coefficients are also presented in Table 1. 

The coefficient of determination values, r2, varied from 
0.985 – 1.000 for both WL and SG. Such high values of r2 indi-
cate a good fit to the experimental data and suggest that the Pe-
leg’s equation describes adequately the mass transfer kinetics 
terms during the osmotic treatment of fish meat in sugar beet 
molasses.  

Diffusive model. The fits of the exponential model (Eqn. (2)) 
are presented in Table 1. The diffusive model depends on the 
estimation or experimental determination of fish sample mois-
ture at ‘equilibrium’ Y∞. The estimation of this value can be per-
formed with the Peleg’s model, but its experimental determina-
tion needs long immersion times that can lead to fish tissue 
changes (Offer and Trinick, 1983; Schmidt et al., 2008). The per-
formance of Peleg’s model (Table 1) was found more accurate 
compared to diffusive model. This should be attributed to the 
fact that equilibrium constants WL∞ and SG∞, used for diffusive 
model were calculated using Peleg’s model introduce Peleg’s 
model computational error in the final result of diffusive model.   

Table 1. Peleg rate (k1) and capacity (k2) constants of Pe-
leg’s mode and diffusion coefficients for WL and SG, under dif-
ferent conditions of molasses concentration and temperature  
No. Temp Conc WL

1k  WL
2k  WL∞ DWL·10-10 SG

1k  SG
2k  SG∞ DSG·10-10 

1 10 80 6.22± 
0.39* 

1.63± 
0.10* 0.61 2.52 42.21± 

5.01* 
7.59± 
0.32* 0.13 1.31 

2 10 70 7.50± 
0.21* 

1.70± 
0.21* 0.63 2.19 34.57± 

3.51* 
7.68± 
0.89* 0.12 0.83 

3 10 60 7.72± 
0.13* 

1.98± 
0.11* 0.51 1.59 60.00± 

7.27* 
8.09± 
0.27* 0.13 0.71 

4 20 80 6.00± 
0.64* 

1.58± 
0.06* 0.63 3.13 34.05± 

6.95* 
7.34± 
0.66* 0.14 2.31 

5 20 70 6.10± 
0.30* 

1.66± 
0.03* 0.60 2.49 29.66± 

6.15* 
7.46± 
0.61* 0.13 1.61 

6 20 60 6.63± 
0.10* 

1.88± 
0.01* 0.53 2.29 45.88± 

8.29* 
7.82± 
0.74* 0.13 1.41 

7 35 80 5.73± 
0.17* 

1.54± 
0.02* 0.65 3.76 20.59± 

3.90* 
7.12± 
0.43* 0.14 3.04 

8 35 70 4.64± 
0.33* 

1.62± 
0.04* 0.62 3.59 24.78± 

4.17* 
7.29± 
0.43* 0.14 2.73 

9 35 60 5.21± 
0.27* 

1.77± 
0.03* 0.57 3.12 21.35± 

6.00* 
7.55± 
0.66* 0.13 2.65 

10 50 80 2.87± 
0.31* 

1.63± 
0.04* 0.61 4.63 15.43± 

4.55* 
6.27± 
0.52* 0.16 4.23 

11 50 70 3.11± 
0.08* 

1.77± 
0.01 0.57 4.08 22.08± 

5.77* 
6.63± 
0.60* 0.15 3.98 

12 50 60 3.16± 
0.32* 

1.72± 
0.04* 0.58 3.94 15.04± 

3.24* 
6.59± 
0.38* 0.15 3.24 

*Significant at p<0.05 level  
 

Zugarramurdi and Lupin's model. The Zugarramurdi and 
Lupin's model (Eqn. (3)) fitting to experimental data are pre-
sented in Table 2. The estimation or experimental determination 

of sample moisture at ‘equilibrium’ Xi
* is needed for this model 

calculation. In this article, the estimation of Xi
* was performed 

with the Peleg’s model (Eqn. (1)). The statistical analysis indi-
cated that the WL and SG values estimated by this model are 
more reliable than the Peleg’s model, which can be explained, 
due to involvement of two more parameters (α and β). 
 

Table 2. Zugarramurdi and Lupin's  and Weibull-type model 
parameters for WL and SG 

   
Zugarramurdi and Lupin's model 

Weibull-type 
model 

   
WL SG WL SG 

No. Temp. Conc. 
β α β α 

k1 k1 

1 10 80 0.63± 
0.10 

2.19± 
0.07 

0.69± 
0.03 

3.19± 
0.10 

0.33± 
0.09 

0.21± 
0.09 

2 10 70 0.62± 
0.01 

2.03± 
0.01 

0.66± 
0.04 

1.92± 
0.10 

0.43± 
0.02 

0.49± 
0.06 

3 10 60 0.62± 
0.01 

1.95± 
0.02 

0.65± 
0.04 

3.99± 
0.0 1 

0.47± 
0.05 

0.19± 
0.02 

4 20 80 0.61± 
0.02 

1.89± 
0.03 

0.61± 
0.04 

2.54± 
0.12 

0.50± 
0.08 

0.39± 
0.06 

5 20 70 0.61± 
0.04 

1.83± 
0.08 

0.63± 
0.06 

1.83± 
0.12 

0.51± 
0.08 

0.51± 
0.08 

6 20 60 0.60± 
0.03 

1.76± 
0.06 

0.65± 
0.04 

3.08± 
0.11 

0.53± 
0.09 

0.33± 
0.04 

7 35 80 0.60± 
0.01 

1.37± 
0.05 

0.56± 
0.05 

1.42± 
0.09 

0.70± 
0.05 

0.62± 
0.12 

8 35 70 0.56± 
0.05 

1.45± 
0.09 

0.57± 
0.03 

1.73± 
0.07 

0.62± 
0.11 

0.50± 
0.09 

9 35 60 0.56± 
0.00 

1.50± 
0.01 

0.57± 
0.08 

1.31± 
0.15 

0.60± 
0.11 

0.67± 
0.13 

10 50 80 0.50± 
0.02 

0.78± 
0.04 

0.53± 
0.08 

1.21± 
0.16 

1.01± 
0.19 

0.70± 
0.15 

11 50 70 0.48± 
0.03 

0.82± 
0.05 

0.58± 
0.07 

1.64± 
0.15 

0.96± 
0.19 

0.55± 
0.10 

12 50 60 0.50± 
0.02 

0.83± 
0.03 

0.53± 
0.06 

1.05± 
0.10 

0.96± 
0.18 

0.80± 
0.16 

*All values are significant at p<0.05 level 
 

Table 3. Coefficients of determination (r2) for different em-
pirical models used for the prediction of WL and SG, during os-
motic treatment of fish 

 Peleg’s 
model 

Diffusive 
model 

Weibull-type 
model 

SOP 
model 

Zugarramurdi 
and Lupin’s 

model 
No. 

WL SG WL SG WL SG WL SG WL SG 
1 

0.967 0.981 0.989 0.996 0.997 0.999 0.996 0.942 0.997 0.944 
2 

0.962 0.992 0.995 0.987 0.995 0.997 0.975 0.953 0.987 0.963 
3 

0.965 0.989 0.975 0.990 0.994 0.991 0.959 0.943 0.988 0.968 
4 

0.987 0.992 0.973 0.970 0.997 0.991 0.987 0.968 0.987 0.914 
5 

0.987 0.994 0.930 0.997 0.987 0.987 0.969 0.966 0.987 0.950 
6 

0.987 0.987 0.950 0.987 1.000 0.998 0.938 0.929 0.989 0.932 
7 

0.993 0.987 0.939 0.992 0.995 0.985 0.965 0.949 0.994 0.954 
8 

0.987 0.987 0.942 0.990 0.998 0.987 0.962 0.931 0.987 0.934 
9 

0.946 0.987 0.938 0.992 0.997 0.987 0.931 0.929 0.987 0.917 
10 

0.966 0.982 0.987 0.987 0.999 0.996 0.980 0.948 0.987 0.948 
11 

0.947 0.988 0.987 0.987 0.993 0.990 0.964 0.932 0.987 0.931 
12 

0.938 0.993 0.987 0.987 0.987 0.985 0.938 0.924 0.947 0.914 
 

Weibull type model. The exponential models (Eqn. (4)) fit-
ting to experimental data are presented in Table 4. The estima-
tion or experimental determination of meat sample moisture at 



Lončar, Biljana et al. / Applic. of Differ. Empiri. and Diffus. Models to Water Loss and Solid Gain During Osmotic Treat. of Fish 

174  Journal on Processing and Energy in Agriculture 18 (2014) 4 

‘equilibrium’ Y∞ is needed for this model calculation. In this ar-
ticle, the estimation of Y∞ was performed with the Peleg’s model 
(Eqn. (1)).  

Second order polynomial model. The fitting of the second 
order polynomial model (Eqn. (5)) was compared to Weibull's 
model (Table 2), and it was found that Weibull's model showed 
slightly higher coefficients of determination, compared to second 
order polynomial model.  

Presented analysis shows that, for most of the investigated 
cases, that smaller differences between predicted and experimen-
tal data were observed for the Weibull's model. All the consid-
ered models were able to satisfactorily represent the kinetics of 
water loss and solid gain in all samples. High coefficient of de-
termination (r2 between 0.985 – 1.000), for Weibull’s model 
confirm model accuracy, Table 3. The parameters estimated for 
the diffusive model, Peleg’s model and the exponential model 
from experimental data of SG for different temperatures and mo-
lasses concentration are given in Tables 1 and 2, while the com-
parison of coefficients of determination gained with different 
empirical models are shown in Table 3. The diffusion coeffi-
cients for water and solids ranged from 2.29·10-10 to 4.63·10-10 

m2/s and from 1.41·10-10 to 4.23·10-10 m2/s. Fish meat is not iso-
tropic, and these values depend on the mass transfer direction 
and consequently on samples geometry and dimensions. 

CONCLUSION 
The efficiency of osmotic dehydration in sugar beet molasses 

solutions depends on various factors that have great influence on 
complex mass transfer mechanisms. Layered structure of fish 
tissue hampers the evaluation of its transport properties however 
empirical models can be successfully applied to represent mass 
transfer phenomena of osmotic treatment. 

The Peleg’s model and the exponential model described well 
the water loss and solid gain during the dehydration process. Us-
ing an estimated value of salt concentration at ‘equilibrium’ the 
diffusive model was able to represent well water loss and solid 
gain during the process. Results in this paper prove that diffusion 
equation is a very helpful mathematical model when it comes to 
problems concerning pseudo-diffusion in fish meat.  
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