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Abstract

Mass transfer was quantitatively investigated during osmotic dehydration of carrot slices and layers.
The distribution of water and sugar was determined in longitudinal and radial directions of root
samples. Using the solution of Fick’s I. and II. laws the effective diffusion coefficients of sugar
depending on geometric parameters in radial layers and longitudinal slices were estimated according
to cylindrical and rectangular coordinate systems. The observed dependency of Dr,s and Dl,s was
found to be in line with the absence of alteration in longitudinal and the existing difference in radial
directions of the tissue structure in carrot root.
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1. Introduction

Osmotic dehydration is a water removal technique, which is applied to horticul-
tural products, such as fruits and vegetables, to reduce the water content, while
increasing soluble solid content [12]. The semi-final product obtained is not stable
from the point of view of conservation. The chemical composition and organoleptic
characteristics of osmodehydrated fruits and vegetables result in high quality prod-
ucts that can undergo subsequent freezing, dehydrofreezing, air drying or vacuum
drying. Using the osmotic dehydration combined with subsequent drying products
with good organoleptic quality can be obtained. Energy savings are obtained in the
complementary heated air drying.

The raw material is placed into concentrated solutions of soluble solids having
higher osmotic pressure and lower water activity. Simultaneous water and solute
diffusion processes are caused by the water and solute activity gradients across the
cell membrane, the cell wall and the surface of the tissue. The complex cellular
structure of food acts as a semipermeable surface. Since these compartments are
only partially selective, there is always some solute diffusion into the food. The
water transfer is generally accompanied by natural substances (vitamins, flavours,
fruit acids, pigments, saccharides, minerals). As a consequence of this exchange,
the product loses weight and shrinks. Osmotic dehydration as a pretreatment to
many processes improves nutritional, sensorial and functional properties of food
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without changing its integrity. It is effective even at ambient temperature, so heat
damage to texture, colour and flavour of food is minimized [21].

The influence of the main process variables (concentration and composition
of the osmotic solution, temperature, immersion time, pre-treatments, agitation,
nature of food and its geometry, and solution/sample ratio) on the mass transfer
mechanism and product quality have been studied extensively. In spite of the
numerous studies it is difficult to establish general rules about the variables that
affect osmotic dehydration. It was reported that an increase in concentration and
temperature of the osmotic solution increased the rate of mass transfer up to a certain
extent, above which undesirable changes in flavour, colour and the texture of the
product were observed.

In the last few years, numerous studies have been carried out to better under-
stand the internal mass transfer occurring during osmotic dehydration of foods and
to model the mechanism of the process.

The purpose of our project is to study the effect of temperature and concentra-
tion of osmotic solution on the extent of osmotic dehydration of carrot, to investigate
the mechanism of simultaneous mass transfer during osmotic dehydration, to de-
termine the differences among the apparent diffusion coefficients of sugar in the
subsequent layers in the carrot roots.

2. Mathematical Modelling

Two resistances oppose mass transfer during osmotic dehydration of horticultural
products, an internal and an external. The fluid dynamics of the solid–fluid interface
governs the external resistance, whereas the internal one is influenced by the cell
tissue structure and the interaction between the different mass fluxes. Under the
usual treatment conditions the external resistance is negligible compared to the
internal one [24].

A number of investigators used Fick’s unsteady state law of diffusion to es-
timate the water or solute diffusivity, simulating the experiments with boundary
conditions to overcome the assumptions involved in Fick’s law [5, 9, 20, 11] .
Assumptions include constant concentrations of external solution and negligible
surface resistance compared with the internal diffusion resistance [13]. The as-
sumption of constant solution concentration can be satisfied by maintaining a high
solution to food ratio. This assumption can be satisfied in laboratory scale. But,
many problems can be faced when high volumes of concentrated solutions are to
be circulated through the equipment in an industrial application. The solution/food
ratio of 4 to 6 is optimum for the optimum osmotic effect [14]. The assumption
of negligible external resistance cannot always be satisfied at high viscosity, at low
temperature and high solute concentration. It was shown that the external resis-
tance cannot be negligible for osmotic dehydration carried out at different agitation
conditions [18].

Solution of Fick’s Law of diffusion for short contact time was used by several
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authors [8, 15, 3]. In this model, the overall mass transfer coefficient was used
instead of the diffusion coefficient and it was estimated from the slope of concen-
tration vs square root of time. However, this model is limited in the information to
be derived from and not valid for long contact time [19].

While solute transfer is assumed to be of diffusion type, the fact that water loss
is greater than solid gain is attributed to an osmotic transport phenomenon across the
semipermeable cellular membranes. Thus, the process is termed ‘osmotic dehydra-
tion’, though perhaps the most appropriate term would be ‘dehydration driven by
concentration differences’ or ‘dehydration and impregnation by immersion’ (pro-
posed by RAOULT-WACK ) [22]. According to some authors, solute penetration is
confined to extracellular spaces [8, 4, 16] proved by microscope observation that
sucrose passes through the cell wall and accumulates between the cell wall and the
cellular membrane [10, 23].

As a lot of facts seem to indicate that several transfer mechanisms coexist
during the osmotic dehydration of horticultural products, the development of a
mathematical model that is able to include all these mechanisms is very difficult.
There are numerous mathematical models that are capable of representing the ex-
perimental data but their use is limited to certain cases and they do not take into
account the mechanism on which the results depend.

A two-parameter kinetic model is proposed, based on mass balance, which
was used to estimate mass transfer coefficients and the final equilibrium point [1].
This model was able to predict water loss and solid gain at equilibrium conditions
using the experimental data obtained during a relatively short period of time. A
model was developed incorporating cell membrane characteristics for the simulation
of water and solute fluxes in complex cellular tissue [25, 26]. Later, a model was
developed based on thermodynamic description of the forces in the osmotic process
[17]However, this model depends on a large number of biophysical properties, such
as elastic modulus of the cell wall, cell wall void fraction, cell wall tortuosity and
membrane permeabilities, which are very difficult to measure or to find in the
literature for food materials.

Fick’s Law for unsteady state diffusion, as a former model, can be described
as the molecular mass transport equation:

∂C

∂t
= D

∂2C

∂x2
, (1)

where C is the concentration of the diffusing component, D is the diffusion coef-
ficient, t is the time coordinate, x is the space coordinate, the diffusion path. The
double mass transfer is reduced this way to only one transport process, either of
water or solute.

The different analytical solutions of the Fick Law found by CRANK [6] for
several geometries and boundary conditions relate the amount of mass transferred,
in terms of a series of exponential functions:

M

M∞
= 1 −

m=0∑
n=∞

f1 exp

(
− f2

D · t

t2

)
, (2)
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where M is the mass of diffusing substance that traversed the membrane and M∞
is the same for equilibrium conditions. Functions f1 and f2 depend on n and on
the mass ratio of solution to solid, l is the characteristic solid dimension.

There is a series of assumptions used in the models, according to the different
circumstances, sample geometries, etc. as follows:

• Slices are infinite slabs of width = x · r ;
• The syrup to fruit ratio is sufficiently high, so that the syrup concentration

can be considered constant;
• Initial water and soluble solids concentrations are uniform;
• Apparent diffusion coefficient is constant (D �= f (C));
• Simultaneous counter-current flows. The diffusion of the water and the sugar

are only considered. Other mass transfers are neglected;
• External resistance to mass transfer is neglected;
• The surface resistance is significant and the fluxes at the surface in a fixed

frame are proportional to the concentration difference;
• There is no resistance at the surface and a sugar solution film is assumed to

exist as a boundary layer;
• Shrinkage occurs in the same proportion in all directions, or
• Shrinkage is neglected during osmotic dehydration;
• The process is isothermal.

Also the dimension of M used varies from one author to another. On the other
hand the authors have obtained the apparent diffusion coefficient to reach the best
fit with the experimental data. CONWAY [5] found the value of D of water ranging
from 15∗10−9 to 60∗10−9 m2/s, BERISTAIN [2] obtained the value of D ranging
from 0.6∗10−9 to 2.5∗10−9 m2/s.

Knowledge of water activity during osmotic dehydration is also a useful pa-
rameter because of its relationship with microbial growth. From average sugar
concentrations predicted by the model, water activity values can be calculated us-
ing FAVETTO and CHIRIFE’s correlation [7]: aw = 1 − K × M , where aw is the
water activity, K is constant, which varies according to the solute (0.0196 mol
for glucose and 0.0248 mol for sucrose) and M is sugar concentration in the fruit
expressed as molality (moles sugar/kg water).

3. Materials and Methods

3.1. Raw Material Preparation

The carrots (cv.Nanti) and the sucrose (commercial) were purchased from a local
supermarket. The carrots were classified by size and shape to have uniformity of
raw material. The carrots after peeling were cut into circular pieces of diameter
40 mm and height 40 or 70 mm depending on the direction of the diffusion. After a
certain time of heat treatment at 90 ◦C in 15 ◦B water and drying, a plastic tube with
4 mm diameter was placed in the middle of the sample to establish the conditions
of the limited diffusion in the direction of radius.
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3.2. Experimental Design

The samples were placed in osmotic solution with 30 ◦B, the rate of the solution
to the sample mass was 3:1, and it was agitated at 25 ◦C. Sampling was after 1,
2, 3, 4, 6, 10 and 20 hs of immersion, samples were taken out, quickly rinsed and
gently blotted dry with tissue paper to remove adhering osmotic solution and then
the samples were cut into 2 mm slices for measuring the longitudinal diffusion
(7 slices per sample), or peeled to 2 mm thick layers for measuring the radial
diffusion (7 layers per sample). The half of the samples were dried at 70 ◦C till
a constant weight loss was obtained. The other half of samples were prepared for
sucrose determination based on the determination of optical activity. In each of
the experiments fresh sucrose syrup was used. All the experiments were done in
triplicate and average values were taken for calculations.

3.3. Calculations

In the case of longitudinal diffusion the equation derived from Fick Law II. in a
rectangular coordinate system was used to determine the diffusion coefficient: Dl,s .

S = −Dl,s ·
(

π2

4x2
0

)
, (3)

where S is the slope of the function
[
ln

(
c∞−c

c∞

)
= f (t)

]
fitted to the observed data,

Dl,s is the longitudinal diffusion coefficient of the solid [m2/s], x0 is the geometric
parameter, the diffusion distance [m].

In the case of radial diffusion the solution of Fick Law II. in a cylindrical
coordinate system was used to determine the diffusion coefficient: Dc,s .

S = −Dr,s
I 2∞

(R − Rb)
2 , (4)

where S is the slope of the function
[
ln

(
c∞−c

c∞

)
= f (t)

]
fitted to the observed data,

Dr,s is the radial diffusion coefficient of the solid [m2/s], I∞ is the abscissa value
at first zero ordinate value of the zero order Bessel function (I∞ = 2.4048), R is
the radius of the carrot sample [m], Rb is the radius of the plastic tube in the centre
of the carrot [m], (R − Rb) difference is the geometric parameter, the diffusion
distance [m].
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Fig. 1. Changes in radial distribution of water in carrot root
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Fig. 2. Changes in longitudinal distribution of water in carrot root
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Fig. 3. Radial distribution of the sugar in the carrot layers
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Fig. 4. Changes in longitudinal distribution of the sugar in the carrot slices

0

1

2

3

0 1 2 3 4 5 6 7

layers

D
 [
*1

0
11

 m
2
/s

]

Fig. 5. Radial distribution of diffusion coefficients in the carrot layers
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Fig. 6. Longitudinal distribution of the effective diffusion coefficients in the carrot slices

4. Results and Discussion

4.1. The Water Distribution

The average water content of the carrot samples was 78–92 m%, with rel.standard
deviation 1.97%. The distribution of water content in radial direction is found as
seen layer by layer in Fig. 1. The lowest value for water content was found in the
outer layer and the highest in the centre of the carrot. The distribution of water
is characterized by logarithmic concentration gradient during the immersion time.
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The water concentration of the layers decreases as Fig.1 shows.
Similar distribution is observed in the longitudinal direction (Fig. 2), but

the significance of the distribution has lower possibility. Also the decrease and
the alteration in the longitudinal water distribution is well seen. The average water
content of the carrot samples was 78–88 m%, with relative standard deviation 0.93%.

4.2. The Sugar Distribution

The longitudinal sugar distribution is opposite to that of the water according to the
values in the slices in Fig. 3. The sugar concentration changes in the range 0.1 −
0.58 mmol/cm3. The standard deviation of the sugar determination is
0.025 mmol/cm3. The radial sugar distribution is shown in Fig. 4, having con-
stant concentration from the outer layer (number 1) to the centre (number 7). The
sugar content increases during the immersion, and the distribution changes as Fig.4
shows. The highest rate of the sugar gain is measured in the outer layer. The num-
bers 0, 4.5 and 9 mean the immersion time in hours.

4.3. The Distribution of Diffusion Coefficients of the Sugar

The sugar diffusion coefficients (Ds) were calculated by the method given in 3.3.
The S value on the left side of the Eqs. (3) and (4) is calculated from the logarithmic
presentation of the data. Both the longitudinal (Dl,s) and radial (Dr,s) values were
calculated slices by slices and layers by layers, respectively. The calculated effective
diffusion coefficients for sugar obtained for different directions and distances from
the surface are given in Table 1. The distribution of Dr,s is presented in Fig. 5 and
the distribution of Dl,s is in Fig. 6.

Dr,s values are larger at the surface of the carrot and at outer layers, that reflects
the differences in the root tissue structure, or the decreasing permeability of the
layers from the outer layers to the centre. The D values are not different in the inner
3–4 layers of the samples. The hypothesis is accepted at 80% significance level.
The Dl,s values are not different at this probability according to the homogeneous
tissue structure in the longitudinal direction. The average values of the samples are
0.5∗10 − 3∗1010m2/s, that is similar as published by other researchers.

5. Conclusions

The water and the sugar shows a definite and unexpected geometrical distribution
in the carrot root either in longitudinal or in radial direction. Fickian unsteady state
diffusion was found to be most appropriate for the osmotic dehydration process
of the present case. The observed dependency of Dr,s and Dl,s was found to be
in line with the absence of alteration and existing difference in the tissue structure
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Table 1. Effective diffusion coefficients of sugar in carrot

Number of Dr,s Dr,s Dl,s Dl,s

layer or slice [∗1011 m2/s] [∗1011 m2/s] [∗1011 m2/s] [∗1011 m2/s]

1 2.562 2.108 2.264 1.818
2 1.279 0.127 0.887 1.374
3 0.607 0.291 2.876 1.149
4 0.479 0.413 1.310 1.084
5 0.699 0.355 1.818 1.080
6 0.744 0.955 0.834 1.230
7 1.211 1.138 1.282 1.006

of the carrot root. The diffusion coefficients of sugar estimated and the method of
determination are expected to be useful in planning the osmotic dehydration process
conditions and in the scale-up.
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