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ABSTRACT 
The objective of this work was to investigate the use of the diffusive model, Azuara’s model, Peleg’s model, second order polyno-

mial and an exponential (Weibull-type) model on the mathematical modeling of water loss and solid gain by pork meat cubes (M. tri-
ceps brachii) immersed in sugar beet molasses solutions, during osmotic treatment process. Experimental design allowed to access 
the effect of molasses concentration (60-80% w/w), temperature (20, 35 and 50 oC) and immersion time (1-5h), and to quantify water 
and solid mass transfer coefficients. Peleg’s model was used to predict the equilibrium condition used for diffusive model. The high-
est diffusion coefficient for transport of water observed was 3.10·10-10 m2/s, and 3.13·10-10 m2/s for transport of solutes, both recorded 
at temperature of 50 °C and concentration of 80 %. The maximum of activation energies were reached at 20 °C, 85.338 kJ/mol for 
water transport, and 84.919 kJ/mol for solutes transport. 
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REZIME 
Cilj ovog rada je bio da se ispita primenljivost difuznog modela, Azuara-ovog i Peleg-ovog model, kao i polonoma drugog reda i 

eksponencijalnog modela (Weibull-ov tip) pri matematičkom modeliranju gubitka vode i priraštaja suve materije, pri osmotskom 
tretmanu kockica svinjskog mesa (M. triceps brachii) uronjenih u melasu šećerne repe. Izborom eksperimentalnog plana omogućeno 
je ispitivanje  uticaja koncentracije melase (u rasponu 60-80% w/w), temperature procesa (20, 35 i 50oC) i vremena imerzije (1-5h), 
kao i da se kvantifikuju koeficijenti prenosa mase za vodu i suvu materiju. Peleg-ov model je korišćen za predviđanje ravnotežnog 
stanja, pri postavljanju difuzionog matematičkog modela. Najveća uočena vrednost za koeficijent difuzije vode iznosila je 3.10·10-10 
m2/s, a 3.13·10-10 m2/s za transport suve materije, obe zabeležene na temperaturi od 50 °C i koncentraciji melase od 80%. Maksi-
malna vrednost energije aktivacije zabeležena je pri 20°C, 85.338 kJ/mol za vodu, kao i 84.919 kJ/mol za transport suve materije. 

Klјučne reči: transport mase, difuzija, osmotski tretman, svinjsko meso, melasa šećerne repe. 
 

INTRODUCTION 
Physico-chemical, sensory and technological properties of 

fresh meat are related with water content. Water is held in myo-
fibrils, functional organelles of meat, but also it may exist in the 
intracellular space between myofibrils and sarcoplasm. The wa-
ter content in meat depends on many factors, including the tissue 
itself and how the product is handled (time, temperature, treat-
ments) (Barrat et. al. 2003).  

One of the potential preservation techniques for producing 
products with low water content and improved nutritional, sen-
sorial and functional properties is osmotic treatment (OD). This 
technology promotes partial removal of water from food by im-
mersion in a concentrated hypertonic solution. The driving force 
for the diffusion of water from the meat tissue into the concen-
trated solution is provided by the high osmotic pressure of the 
solution. The diffusion of water is accompanied by the simulta-
neous counter-diffusion of solute(s) from the osmotic solution 
into the meat tissue. Since the membrane responsible for osmotic 
transport is not perfectly selective, other solutes can also be 
leached into the osmotic solution (Colignan et. al. 2001). 

No studies relating to the osmotic treatment of pork meat 
cubes using sugar beet molasses were found in the current litera-
ture. Sugar beet molasses is an excellent medium for osmotic 
treatment, primarily due to the high dry matter (more than 80 %) 
and specific nutrient content. The specific chemical composition 
provides high osmotic pressure in the solution, there for molas-
ses appears to be an excellent osmotic medium. 

The knowledge of the kinetics of water and solutes transfers 
during the processing is of great technological importance be-
cause it allows estimating the immersion time of meat cubes in 
an osmotic solution to obtain products with determined solute 
and moisture contents (Schmidt et al., 2008). Classical mathe-
matical models used to describe mass transfer during OD are 
based on the diffusion equation and on apparent diffusion coeffi-
cients (Chiralt et al., 2001; Telis et al., 2003).  

Diffusion equations have analytical solutions only for classi-
cal geometries. For non-classical geometries, numerical methods 
are necessary for their solution. In this way, the use of other em-
pirical models is of interest.  

The empirical model proposed by Azuara et al. (1992), from 
a simple mass balance, has been used to describe the dehydration 
rate and to estimate the equilibrium concentration of solutes in 
apples (Kaymak-Ertekin and Sultanoglu, 2000), carrots (Singh et 
al., 2007), chicken breast meat (Schmidt et al., 2008) and fish 
(Mujaffar and Sankat, 2005; Corzo and Bracho, 2006a) submit-
ted to different osmotic solutions. Peleg (1988) used a two pa-
rameters model to represent the water adsorption by milk pow-
der and whole rice grains.  

Empirical models based on a Weibull-type equation, with 
exponential shape, have been used to represent drying rates and 
osmotic dehydration rates of foods (Machado et al., 1999). 

However, there are a few works in the literature about the 
application of such empirical models for describing hydration 
processes on meat cubes. The objective of this work was to in-
vestigate the applicability of the diffusive model, Azuara’s 
model, Peleg’s model and exponential model (Weibull-type) on 
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the prediction of water gain/loss and solid gain by pork meat 
cubes immersed in sugar beet molasses solutions of different 
concentrations. 

MATERIAL AND METHOD 

Osmotic treatment 
Pork meat (M. triceps brachii, 24 h post mortem) was pur-

chased just before use. Initial moisture content of the fresh meat 
was 72.83%.  Before the osmotic treatment, fresh meat was cut 
into cubes, dimension of nearly 1x1x1cm. Sugar beet molasses 
solution, with inital dry matter content of 85.04%, was obtained 
from the sugar factory Pećinci, Serbia. Distilled water was used 
for dilution of solutions. Sugar beet molasses was diluted to con-
centration of 60, 70 and 80% w/w. The sample to solution ratio 
was 1:5 (w/w). The process was performed in laboratory jars at 
temperature of 20, 35 and 50oC with agitation on every 15 min-
utes. The osmotic treatment process was performed in a period 
of 0-5 h under constant conditions. Samples were withdrawn 
from the osmotic solution at determined intervals of time (1, 3, 
and 5 h), drained and dried with filter paper to remove adhering 
solution. All experiments were repeated three times. 

Dry matter content of the fresh and treated samples was de-
termined by drying the material at 105 ºC for 24h in a heat 
chamber until constant weight was achieved (Instrumentaria Sut-
jeska, Croatia). All weight measurements were carried out in ac-
cordance to AOAC [40]. Soluble solids content of the molasses 
solutions was measured using Abbe refractometer, Carl Zeis 
Jenna at 20 ºC. 

Evaluation of mass exchange between the solution and 
sample during OD were made by using the parameters such 
as WL and SG, calculated according to the following equa-
tions: 

i i f f

i

m z m z gWL
m g fresh sample

⎡ ⎤⋅ − ⋅
= ⎢ ⎥

⎣ ⎦ ,  
f f i i

i

m s m s gSG
m g fresh sample

⎡ ⎤⋅ − ⋅
= ⎢ ⎥

⎣ ⎦  
(1) 

where mi and mf  are the initial and final weight (g) of the 
samples, respectively; zi and zf  are the initial and final moisture 
content in meat tissue  (g water/ g fresh sample), respectively; si and sf 
are the initial  and final total solids content in meat tissue (g total 

solids/ g fresh sample), respectively.  
Experimentally measured values of WL and SG, at 1, 3, and 

5 h, 60, 70 and 80% sugar beet molasses concentration, and tem-

perature of 20, 35 and 50oC are presented on Fig. 1. These data 
were used in calculation of all mathematical models.  

As predicted, the process leads to an increase in dry matter 
content of all meat samples regardless of used conditions. The 
huge difference in osmotic pressure between hypertonic solution 
and the meat tissue causes the vast initial loss of the water at the 
beginning of the dehydration process, and the water loss in-
creased with immersion time. The maximum value of water loss 
was achieved, after 5 hours, at maximum concentrations re-
corded in Fig. 1, for all solutions: 0.58 (molasses, concentrated 
to 80% w/w).  

Solid gain (SG) value indicates the degree of penetration of 
solids from hypertonic solution into the meat sample. Fig. 1 
shows that SG increases with immersion time. The aim of os-
motic dehydration is the achievement of as low as possible solid 
uptake, and the most acceptable results were achieved by using 
sugar beet molasses concentrated to 80% w/w (0.17 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 change. 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 adapta-
tion of this model for the present work is given by Eqn. (2). 

Y Y
1 2

tY
k k t

=
+ ⋅  (2) 

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. (2)). 

Azuara's model 
The model proposed by Azuara et al. (1992) is based on the 

mass balance represented by Eqn. (3). 
*

* * *Y k t YY=Y -Y , Y = Y =
k t 1+k t

∞ ⋅ ⋅
⇒

⋅ ⋅   (3) 
where Y* is the mass of solid or water that did not enter (or 

leave) the sample after an elapsed time t. Final form of Eqn. (3) 
is equivalent to Peleg’s model, which leads to the same fit qual-
ity and to the same value of Y∞, only the results obtained by the 
Peleg’s model will be presented in this paper. 

Diffusive model 
The conservation of solid or water in meat sam-

ples submitted  to OD could be represented by Eqn. 
(4), which takes in account the contributions of diffu-
sion (first term on the right side) and bulk flow (sec-
ond term on the right side of equation): 

2
Y

Y = D Y - ν× Y
t

∂
∇ ⋅ ∇

∂

rr  (4) 

When evaluating the effective diffusivities of wa-
ter and solute, the meat cube is considered as a per-
fect cube with initially uniform water and solid con-
tents. In that case, the solution for Fick’s equation for 
constant process conditions, for long OD time can be 
written as: 

1 2
Y

2

D tY =8
Y π L∞

⋅⎛ ⎞⋅⎜ ⎟⋅⎝ ⎠  ,  (5) 
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Fig. 1. Experimentally obtained values for WL and SG 
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where, DY is effective diffusivities of water and solute, re-
spectively; L is the sample length, m, t is the time, s. The value 
of Y∞ can be estimated from experimental data and Peleg’s 
model or as Azuara’s model. In this work, the former model was 
used for Y∞ estimations. 

Exponential model 
An exponential model with three parameters has been used 

for describing WG and SG during OT. This model is a Weibull-
type model and is given by Eqn. (6) (Cunha et al., 2001). 

*

Y =1 exp
Y

t
α

β

⎛ ⎞⎛ ⎞
− ⎜ − ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠ .  (6) 

Second order polynomial model 
The following second order polynomial (SOP) model was 

fitted to the data: 
2Y=a+b t+c t⋅ ⋅ . (7) 

Data analysis 
Non-linear least square regression analysis was performed 

using Levenberg-Marquardt procedure in Statistica 10 computer 
program. The correlation coefficient (r2) was the primary criteria 
for selecting the best equation to define a suitable model. In ad-
dition to r2, various statistical parameters such as reduced chi-
square (χ2), mean bias error (MBE) and root mean square error 
(RMSE) were used to determine the quality of the best fitting 
functions. 

These parameters can be calculated as follows: 
N

2
exp,i pre,i

2 i 1

(x -x )

N-n
χ ==

∑
, 

1 2N
2

pre,i exp,i
i 1

1RMSE (x -x )
N =

⎡ ⎤
= ⎢ ⎥⎣ ⎦

∑ , 

N

pre,i exp,i
i 1

1MBE (x -x )
N =

= ∑   (8) 

where xexp,i are experimental values and xpre,i are the predicted 
values, calculated from the model. N and n are the number of 
observations and constants, respectively. For quality fit, r2 value 
should be higher, and χ2, MBE, and RMSE values should be 
lower (Kaymak-Ertekin, F., Sultanoglu, M., 2000). 

RESULTS AND DISCUSSION 
Several mathematical models were performed in order to de-

scribe process of osmotic dehydration of meat cubes in sugar 
beet molasses. All models were submitted to statistic’s analysis, 
to find the best fitting function.  

Peleg’s model 
Experimental data of WL and SG were used to evaluate the 

adequacy of the Peleg’s equation (Eqn. (2)). The evaluated k1 
and k2 values for different solution concentrations and tempera-
tures are shown in Table 1. The capacity constants, k2 , are re-
lated to equilibrium WL and SG, i.e. the lower the k2 higher 
equilibrium WL or SG. The WL

2k  decreases with increasing con-
centration, SG

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

SG
2k  decrease with increasing temperature. Diffusion coeffi-

cients are also presented in Table 1.  
 

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. C T WL
1k WL

2k  WL∞ DWL 
·10-10 

SG
1k  SG

2k  SG∞ DSG 
·10-10

1 80 20 2.73 
±0.18*

1.73 
±0.06* 0.577 2.26 7.79 

±2.23** 
6.33 

±0.77* 0.158 2.34

2 80 35 2.18 
±0.07*

1.64 
±0.02* 0.610 2.65 5.86 

±0.66* 
5.11 

±0.23* 0.196 2.71

3 80 50 1.56 
±0.02*

1.60 
±0.01* 0.623 3.10 4.29 

±0.79* 
4.67 

±0.30* 0.214 3.13

4 70 20 2.36 
±0.02*

1.7 
3±0.01* 0.578 2.02 7.64 

±0.24* 
5.94 

±0.08* 0.168 2.10

5 70 35 1.80 
±0.06*

1.72 
±0.02* 0.581 2.40 6.23 

±0.38* 
5.03 

±0.13* 0.199 2.15

6 70 50 1.13 
±0.01*

1.63 
±0.00* 0.615 2.99 3.37 

±0.43* 
5.02 

±0.18* 0.199 3.02

7 60 20 2.25 
±0.00*

1.95 
±0.00* 0.513 1.83 6.06 

±0.90* 
5.59 

±0.32* 0.179 2.15

8 60 35 1.64 
±0.06*

1.86 
±0.02* 0.536 2.06 4.40 

±0.48* 
5.26 

±0.19* 0.190 2.26

9 60 50 1.16 
±0.05*

1.80 
±0.02* 0.555 2.50 3.16 

±0.36* 
5.05 

±0.15* 0.198 2.57
*Significant at p<0.05 level, **Significant at p<0.10 level 

 

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 dehydration of meat in sugar beet mo-
lasses. These findings correspond very well to other statistical 
function fitting test presented in Table 2. 
 

Table 2. “Goodness-of-fit” tests for Peleg’s model, for WL 
and SG 

 

WL SG No.
r2 χ2 MBE RMSE r2 χ2 MBE RMSE

1 0.999 5.17·10-5 -1.90·10-4 3.79·10-4 0.985 7.47·10-5 1.63·10-4 3.27·10-4

2 1.000 1.39·10-5 -7.89·10-5 1.58·10-4 0.998 1.78·10-5 7.23·10-5 1.45·10-4

3 1.000 2.40·10-6 -2.08·10-5 4.16·10-5 0.995 5.39·10-5 9.01·10-5 1.80·10-4

4 1.000 7.32·10-7 -1.87·10-5 3.73·10-5 1.000 1.06·10-6 2.07·10-5 4.14·10-5

5 1.000 1.25·10-5 -5.27·10-5 1.05·10-4 0.999 5.45·10-6 4.46·10-5 8.91·10-5

6 1.000 1.15·10-6 8.41·10-6 1.68·10-5 0.998 1.95·10-5 3.30·10-5 6.59·10-5

7 1.000 2.60·10-8 -2.77·10-6 5.55·10-6 0.996 2.56·10-5 7.96·10-5 1.59·10-4

8 1.000 1.22·10-5 -4.02·10-5 8.03·10-5 0.998 1.44·10-5 4.03·10-5 8.07·10-5

9 1.000 1.47·10-5 -2.66·10-5 5.32·10-5 0.998 1.46·10-5 2.54·10-5 5.08·10-5

Diffusive model 
The fits of the exponential model (Eqn. (5)) are presented in 

Table 3. The diffusive model depends on the estimation or ex-
perimental determination of meat sample moisture at ‘equilib-
rium’ Y∞. The estimation of this value can be performed with the 
Peleg’s model, but its experimental determination needs long 
immersion times that can lead to meat tissue changes (Offer and 
Trinick, 1983; Schmidt et al., 2008). The performance of Peleg’s 
model (Table 2) was found more accurate compared to diffusive 
model. This should be attributed to the fact that equilibrium con-
stants WL∞ and SG∞, used for diffusive model were calculated 
using Peleg’s model introduce Peleg’s model computational er-
ror in the final result of diffusive model. 
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Table 3. “Goodness-of-fit” tests for diffusive model for WL 
and SG 

 

Weibull type model 
The exponential models (Eqn. (6)) fitting to experimental 

data are presented in Table 4. The estimation or experimental 
determination of meat sample moisture at ‘equilibrium’ Y∞ is 
needed for this model calculation. In this article, the estimation 
of Y∞ was performed with the Peleg’s model (Eqn. (2)). The sta-
tistical parameters that qualify the goodness of fit (r2, χ2, MBE 
and RMSE) indicated that the values of WL estimated by the 
exponential model are less reliable than he Peleg’s model (Table 
5),  which can be explained, due to addition of error term intro-
duced from Peleg’s model (similar to diffusive model). 
 

Table 4. Weibull-type model parameters for WL and SG 
 

WL SG No. 
β α β α 

1 2.83±0.16 0.67±0.06 2.24±0.29 0.61±0.12 
2 2.42±0.10 0.65±0.04 2.09±0.08 0.61±0.03 
3 1.76±0.06 0.60±0.03 1.66±0.14 0.57±0.07 
4 2.48±0.07 0.65±0.03 2.34±0.02 0.64±0.01 
5 1.90±0.08 0.61±0.04 2.25±0.02 0.63±0.01 
6 1.22±0.03 0.54±0.01 1.17±0.08 0.53±0.04 
7 2.10±0.05 0.62±0.02 1.97±0.11 0.60±0.05 
8 1.59±0.08 0.58±0.04 1.50±0.07 0.57±0.03 
9 1.12±0.07 0.54±0.04 1.08±0.07 0.52±0.04 

*All values are significant at p<0.05 level 
 

Table 5. “Goodness-of-fit” tests for Weibull-type model, for 
WL and SG 

 

Second order polynomial model  
The fitting of the second order polynomial model (Eqn. (7)) 

are presented in Table 6. The performance of Peleg’s model 
(Table 2) was found more accurate 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 Peleg’s model. This can also be 
verified through the statistical parameters r2, χ2, MBE and 
RMSE presented in Tables 2, 4, 5 and 6. Moreover, no notable 
tendencies were observed for the residuals. All the considered 
models were able to satisfactorily represent the kinetics of water 
loss and solid gain in all samples. High coefficient of determina-
tion (r2 between 0.985 – 1.000), low χ2, MBE and RMSE for 
Peleg’s confirm model accuracy. The parameters estimated for 
the diffusive model, Peleg’s model and the exponential model 
from experimental data of SG for different temperatures and 
molasses concentration are given in Tables 1 and 4. The diffu-
sion coefficients for water and solids ranged from 1.83·10-10 to 
3.10·10-10 m2/s and from 2.1·10-10 to 3.13·10-10 m2/s. Pork meat is 
not isotropic, and these values depend on the mass transfer direc-
tion and consequently on samples geometry and dimensions. 

 

Table 6. “Goodness-of-fit” tests for second order polynomial 
model, for WL and SG 
 

WL SG No.
r2 χ2 MBE RMSE r2 χ2 MBE RMSE

1 0.988 6.93·10-4 2.70·10-3 5.41·10-4 0.936 3.12·10-4 4.37·10-5 8.73·10-5

2 0.979 1.43·10-3 1.69·10-4 3.38·10-4 0.957 3.32·10-4 -4.95·10-5 9.90·10-5

3 0.963 3.09·10-3 -1.16·10-4 2.33·10-4 0.935 6.53·10-4 -4.07·10-5 8.15·10-5

4 0.978 1.36·10-3 -8.73·10-5 1.75·10-4 0.972 1.53·10-4 -6.84·10-5 1.37·10-5

5 0.969 2.21·10-3 6.40·10-5 1.28·10-4 0.967 2.55·10-4 3.20·10-5 6.40·10-5

6 0.939 5.51·10-3 -8.15·10-5 1.63·10-4 0.923 7.43·10-4 -8.73·10-5 1.75·10-5

7 0.970 1.57·10-3 3.09·10-4 6.18·10-4 0.949 3.34·10-4 1.16·10-5 2.33·10-5

8 0.959 2.59·10-3 5.82·10-5 1.16·10-5 0.939 4.94·10-4 -1.46·10-5 2.91·10-5

9 0.940 4.53·10-3 -2.33·10-5 4.66·10-5 0.920 7.78·10-4 3.49·10-5 6.98·10-5

CONCLUSION 
Solid and water transfer in meat immersed in molasses solu-

tions is a complex problem that depends on various mass trans-
fer mechanisms. Moreover, changes on the meat tissue structure 
during the OD process lead to changes on the relative impor-
tance of these mechanisms. On the other hand, meat is not an 
isotropic material, adding complexity to the determination of its 
transport properties. To overcome these difficulties, empirical 
models can be successfully used to represent mass transfer dur-
ing osmotic treatment, when the diffusive model is difficult to 

use. The Peleg’s model and the exponential model 
are able to represent well the rates of water loss and 
solid gain during the osmotic treatment. The diffu-
sive model was able to represent well water loss and 
solid gain, during OD, using an estimated value of 
salt concentration at ‘equilibrium’. It shows that the 
diffusion equation is a powerful mathematical 
model to fit problems of pseudo-diffusion in meat, 
and should be used for this kind of problem.  
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