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Modelling of water loss and solute uptake during osmotic drying of carrots 
using weibull distribution approach

Abstract

Osmotic drying of carrots (Daucus carota) was carried out at different combinations of 
temperatures (30, 40 and 50oC) and concentrations (50, 55 and 60%) of sucrose solution. Since 
it is a combination of simultaneous water and solute diffusion process that occurs counter 
currently, mathematical model of both water loss and solute uptake were developed using 
Weibull distribution approach. The shape parameter (β) and the scale parameter (α) of the model 
were calculated from the experimental values of water loss and solute uptake. The β values for 
water loss and solute uptake for the model were found to be 0.70 and 0.756, respectively and 
were statistically independent of both temperature and concentration of sucrose solution. The 
water loss rate constant (     ) was ranged from 0.0049 min-1 to 0.0071 min-1. Similarly the solute 
uptake rate constant (    ) was ranged from 0.007 min-1 to 0.0118 min-1. Second order quadratic 
equations with temperature and concentration of sucrose solution were found to fit well in 
describing the effect of variables on the responses studied. The Weibull parameters ‘α’ and ‘β’ 
were found adequate to predict the water loss and solute uptake within the range of temperature 
and concentration of sucrose solution considered. 

Introduction

Osmotic drying of fruits and vegetables is 
an innovative approach in the field of drying and 
dehydration. It is a technique in which high moisture 
fruits and vegetables are brought to intermediate 
moisture level prior to final drying by hot air, vacuum, 
microwave or freeze-drying. The high nutritional and 
organoleptic qualities of osmotic treated products and 
the energy saving during drying of osmotically treated 
samples have consistently sought the attention of 
researchers (Lerici et al., 1985; Lenart and Lewicki, 
1988; Rahman and Lamb, 1991; Jayaraman and Das 
Gupta, 1992; Torreggiani 1993; Karathanos et al., 
1995; Spiazzi and Mascheroni, 1997; Rastogi et al., 
2002).

Fruits and vegetables are immersed in hypertonic 
solution during osmotic treatment for partial 
removal of water from living tissues. During the 
process, diffusion of water in and out of the tissues 
is continued till equilibrium achieved. The driving 
force is the water activity gradient caused due to 
the osmotic pressure. Since the natural cell walls of 
fruits and vegetables are not perfect semi-permeable 
membranes, there is always some solid diffusion 

into the cells through the cell walls. It means that 
simultaneous water and solute diffusion occurs in the 
tissues of the fruits and vegetables tissues (Yao and 
LeMaguer, 1994).

The parameters influencing the osmotic drying 
can be broadly classified as product parameters and 
osmotic process parameters. The product parameters 
influencing the performance of osmotic drying are 
size, shape and properties of commodity like bulk 
density, porosity, pore size, and pore size distribution 
(Lazarides, 1994; Lazarides et al., 1997; Cunha et 
al., 2001). Mass transfer phenomena of water and 
solutes depend on osmotic process parameters like 
composition of the osmotic solution, solution to 
product ratio, concentration of osmotic solution, 
temperature of osmotic treatment etc (Ponting et 
al., 1966; Contreras and Smyrl, 1981; Rastogi and 
Raghavarao, 1994; Lazarides et al., 1997; Cunha et 
al., 2001; Rastogi et al., 2002).

During osmotic drying of food materials it is 
desired to achieve maximum possible water removal 
rates while keeping solute uptake to a minimum. The 
ratio of water removal to solute uptake is termed 
as process efficiency (Lazarides, 1994).  In order 
to design an efficient osmotic drying system, it is 
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required to develop a reliable model for accurate 
prediction of water loss and solute uptake by food 
materials.

Mathematical models have been developed to 
describe water loss and solute uptake as a function 
of osmotic temperature, concentration of osmotic 
solution and duration of osmotic treatment (Magee 
et al., 1983; Biswal et al., 1991). For prediction of 
mass transport phenomena, mathematical models 
following Fick’s second law have been developed by 
various researchers (Monsalve-González et al., 1993; 
Lazarides et al., 1995; Spiazzi and Mascheroni, 1997; 
Lazarides et al., 1997; Nieto et al., 2001). Some 
more models have been suggested considering- the 
concept of irreversible thermodynamics (Toupin et 
al., 1989; Marcotte et al., 1991; Yao and LeMaguer, 
1996), cellular physiology and structure of fruit/ 
vegetable tissue (Spiazzi and Mascheroni, 1997; 
LeMaguer et al., 2002), hydrodynamics mechanism 
(Fito et al., 1996; Fito and Chiralt, 1996), stochastic 
modeling (Cunha et al., 2001) etc. However, some 
models are simple and validate the experimental 
data, but their use is limited to certain cases and they 
do not take into account the mechanism in which 
the results depend. Some other models with very 
complex mechanisms find difficulties to represent 
the experimental validation owing to the number 
of parameters involved in the models. This paper 
describes a model to predict the water loss and solute 
uptake in carrots following a Weibull probabilistic 
distribution approach. 

Materials and Methods

The carrots (Daucus carota) were procured from 
the local market. Those were kept in refrigerator 
before using in the experiment. Prior to experiment, 
carrots were washed with clean water. Then samples 
of carrots were prepared by cutting them in cylindrical 
shapes of ~10 mm diameter by a de-corer and cutting 
into ~5 mm thickness by a hand knife. Sugar solutions 
of 50%, 55% and 60% (w/w) strength were used. 
The concentrations of these solutions were verified 
using a standard refractometer. The temperatures 
of osmotic solutions considered in the experiment 
were 30, 40 and 50oC. The solution to sample ratio 
was maintained at 12:1. The weighed samples were 
immersed in the sugar solution in a beaker. The beaker 
with solution was lead to the desired temperature and 
maintained in a serological water bath before osmotic 
treatment. The water level in serological water bath 
was 2-3 cm below the top of the beaker. Osmotic 
treatment continued till equilibrium condition was 
achieved. The samples were removed from the 

solution at intervals of 15 min for the first one hour, 
30 min for the next 1.5 h and 60 min for the remaining 
time to monitor the moisture loss of samples with 
osmotic treatment time. At each time interval, the 
respective glass beaker was removed from the water 
bath and the sample pieces were immediately placed 
on the blotting paper to remove the surface solution 
and weighed. Moisture content of the oven-dried, 
at 105oC for 24 h, samples were also determined. 
All the experimental measurements were replicated 
thrice and the responses determined for each sample 
were water loss (g H2O / g initial mass of sample) and 
solute uptake (g solute gain/ g initial mass of sample).  
Water Loss (WL) and solute gain/ uptake (SG) were 
determined using the following expressions.

                                                                                       (1)
                                                                                                              
       (2)  

Results and Discussion

Model development considering water loss(WL)
The Weibull probabilistic distribution model as 

described by Cunha et al. (2001) can be written for 
WL and solute uptake by carrot samples in osmotic 
drying process as

                                                                                                  (3)

                                                                                                    (4)

Figure 1 shows the experimental results of   
vs. ‘t’ with different combinations of osmotic 
temperatures (30, 40 and 50oC) and sugar 
concentrations (50, 55 and 60%).   increased 
asymptotically till a constant value (after seven hours 
of osmotic treatment) was achieved. That means WL 
from the samples reached to equilibrium condition 
after seven hours.

Fitting the         vs. ‘t’ curves to polynomial second 
order equation, ‘αw’ value (i.e. time ‘t’ at which  
= 0.632) were calculated. Experimental ‘α’ values are 
shown in Table 1. 

Equation (3) can be written as:
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      (5)

Plots of                         vs.               , for different 

temperatures and sugar concentrations, showed 
straight line curves having slope β (i.e. shape 
parameter of the model). The average value of β was 
found to be 0.70. The Least Significant Difference 
Test (LSDT) analysis showed the average values of 
β were not significantly different at 5% level for all 
experimental conditions studied.

Model development considering solute gain / 
Uptake(SG)

Figure 2 shows the experimental results of   
vs. ‘t’ with different combinations of osmotic 
temperatures and sugar concentrations.                  increased 
with time till a constant value was achieved after seven 
hours of osmotic treatment. α values were calculated 
from the plots of           vs. ‘t’ using polynomial second 
order equation. α values for solute uptake are shown 
in Table 1.

Equation (4) can be written as:
 
                                                                           

                  (6)

Plots of     vs.              , for different 

temperature and sugar concentrations, showed 
straight line curves with β as slope. The average value 
of β was found to be 0.756.  From LSDT, the average 
values of β were not found significantly different at 
5% level for all experimental conditions. 

The WL rate constant (     ) increases with 
increase in concentration and in temperature (Figure 
3). It was increased from 0.0049 min-1 (at 30oC and 
50% concentration) to 0.0061 min-1 (at 30oC and 60% 
concentration). It was also varied from 0.0068 min-1 

(at 50oC and 50% concentration) to 0.0071 min-1 (at 
50oC and 60% concentration). On the other hand, the 
sugar uptake rate constant (             ) changed from 0.0118 
min-1 (at 30oC and 50% concentration) to 0.0096 min-1 
(at 30oC and 60% concentration) and also varied from 
0.0080 min-1 (50oC and 50% concentration) to 0.0110 
min-1 (50oC and 60% concentration) (Figure 4). It is 
always desirable in osmotic dehydration that the WL 
should be as maximum as possible with minimum 
or no solute uptake by the food materials. From the 
studied osmotic concentrations and temperatures, 
it is depicted that the high temperature and low 
concentration i.e. 50oC and 50% concentration favors 
for optimum water loss with minimum solute uptake.

Since  is the function of both temperature and 
concentration of sugar solution (Figure 3 and Figure 
4), following second order quadratic equations were 
fitted well to the observed data.

     
                                                                                                                                                    

Table 1. Scale parameters ‘αw and αs’ from experimental data of water 
loss and solute uptake respectively
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Using equations 7 and 8, the Weibull parameters  
αwand αs  (for water loss and solute uptake) can be 
evaluated at any temperature and concentration of 
the osmotic solution. Putting those values in Weibull 
probabilistic distribution model as shown in equation 
3 and 4, water loss and solute uptake can be predicted 
at different times.

Conclusion

Now-a-days lots of research are going on to 
design an efficient osmotic drying system for fruits 
and vegetables. Their design and developments 
depend on a reliable model, which can accurately 
predict the mass transport phenomena like water 
loss and solute uptake by food materials. Although 
numerous models are available to predict such mass 
transfer phenomena, but their use is limited due to 
lack of understanding the appropriate mechanism in 
which their results depend. An attempt was therefore, 
made with Weibull distribution model to predict the 
water loss and solute uptake of carrot pieces.  The 
Weibull distribution parameters like scale parameter 
(α) and shape parameter (β) were found adequate to 
predict the water loss and solute uptake within the 
range of temperature and concentration of sucrose 
solutions considered.

Figure 1. Variation of            with time at different 
combinations of temperatures and sugar concentrations.

Figure 2. Variation of         with time at different combinations 
of temperatures and sugar concentrations.

Figure 3. Variation of water loss rate constant (       ) with 
temperature and concentration of sugar solution

Figure 4. Variation of solute uptake rate constant (       ) 
with temperature and concentration of sugar solution
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