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Salting is a critical step in cheese production, contributing to
microbial safety, shelf life, texture, and flavor development. In
this study, salt uptake during the brining process was
investigated using both experimental measurements and
modeling approaches. The chemical composition of cheese
samples was first determined. The effective diffusion
coefficient of salt at different temperatures was then calculated
using Fick’s second law. To more accurately describe the
brining process, an extended numerical model incorporating
simultaneous salt and water transport as well as osmotic effects
was developed and simulated. Results showed that salt
concentration in cheese increases over time, with the highest
rate of uptake occurring in the early stages due to strong
concentration gradients. As brining progresses, the rate of
diffusion decreases. Temperature had a significant impact:
increasing the temperature from 6 to 20°C led to higher
effective diffusion coefficients and greater overall salt uptake.
The temperature dependence of diffusivity followed the
Arrhenius relationship, yielding an activation energy of
53.32kJ/mol. Numerical simulations demonstrated that
incorporating osmotic forces provides a more realistic
prediction of moisture loss and the coupled spatial distribution
of salt and water within the cheese matrix. Two-dimensional
concentration maps further confirmed that higher temperatures
promote deeper salt penetration over a fixed brining duration.
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1-Introduction

Salt is one of the essential components in
the production and processing of many food
products, and it plays an important role in
microbial safety, flavor development, and
improvement of product texture. By
reducing water activity (aw), salt addition
limits the growth of undesirable
microorganisms and consequently
increases product shelf life. In addition, the
phenomenon of salt penetration and uptake
is one of the important mass transfer
processes in products such as meat, fish,
and cheese, and it has a significant effect on
their quality characteristics, stability, and
microbial safety [1].

In the cheese-making industry, besides its
general functions, salt also has specific and
determining effects. By influencing the
activity of starter bacteria and the enzymes
involved in ripening, salt regulates the rate
of biochemical reactions such as proteolysis
and lipolysis and contributes to the
development of cheese flavor, aroma, and
body/texture. From a structural point of
view, the presence of salt also causes
changes in the casein protein network,
reduces moisture, and increases the
firmness of cheese texture [2].

In general, there are three main methods for
salting cheese: dry salting, surface dry
salting, and brine salting. In dry salting, salt
i1s mixed with the milled curd during the
final stages of production and, after
dissolving in the surface moisture,
gradually penetrates into the curd. In the
surface dry salting method, salt or a salt
slurry is rubbed onto the surface of the
cheese block and diffuses inward from the
surface. In the brine-salting method, cheese
blocks are immersed in a brine solution, and
due to concentration differences and
osmotic pressure, sodium and chloride ions
penetrate into the cheese while, at the same
time, part of the cheese water is transferred
to the brine environment.

The mechanism of salt uptake in cheese is
mainly based on mass transfer and diffusion
phenomena within the protein matrix.
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When cheese is placed in a salty
environment, Na" and CI” ions diffuse from
the surface toward the center of the cheese,
while part of the internal moisture of the
cheese moves in the opposite direction
toward the external environment. This
process creates salt and moisture
concentration gradients from the surface to
the center of the cheese, and over time, salt
distribution within the tissue gradually
becomes more uniform. The extent of salt
uptake is influenced by several factors, such
as brine concentration, salting time, the size
and geometry of the cheese, and its surface
conditions. In general, increasing salt
solution concentration and prolonging
contact time with the brine increase salt
absorption, although this increase occurs at
a decreasing rate over time. In addition,
cheeses with a higher surface-to-volume
ratio absorb salt more rapidly, and surface
drying can reduce the rate of ion
penetration. Subsequently, during storage
or ripening, the gradual diffusion of salt
within the cheese matrix continues, and its
distribution moves toward a relative
equilibrium [3-4].

In recent years, numerous studies have been
conducted to better understand mass
transfer mechanisms and to develop
mathematical models for predicting salt
behavior in food matrices. For example,
Marchetti et al. (2021) investigated mass
transfer kinetics in hake fillets under three
salting methods, including dry salting,
mixed salting, and brining. In this study,
changes in salt and water content, water
activity, and sample weight variations were
evaluated. The results showed that weight
loss occurred in all methods; however,
brining caused the lowest weight loss and
therefore resulted in higher yield, whereas
dry salting led to the greatest dehydration
and the highest salt content. In addition, the
kinetics of mass transfer were modeled
using various empirical models, among
which the Weibull model showed the best
fit with the experimental data [5].

In the field of meat curing, Graiver et al.
(2009) presented a mathematical model to
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predict the uptake of curing salts, including
NaNOz, KNOs, and NaCl in pork meat cuts.
This model was based on the numerical
solution of partial differential equations for
mass transfer under unsteady-state
conditions within a finite three-dimensional
cylindrical  geometry.  Within  this
framework, in addition to molecular
diffusion, the effect of convective transport
caused by water absorption by the tissue
was considered, and the dependence of the
salts' diffusion coefficients on sodium
chloride concentration was taken into
account. The results indicated that the NaCl
concentration  gradient can  cause
microstructural changes in the tissue,
thereby increasing salt penetration [6].

In another study, Torres-Baix (2024)
modeled salt absorption during the
production process of dry-cured ham. This
research utilized non-destructive magnetic
induction technology to measure the
textural characteristics of low-fat and high-
fat hams, subsequently developing salt
absorption prediction models using various
statistical methods. The results showed that
increasing the salting time leads to an
increase in salt content following an
asymptotic behavior, while salt absorption
is lower in high-fat hams. The best model
performance was achieved when salting
time, weight, and fat content were
considered as independent variables [7].
Pajonk (2003) investigated the kinetics of
salt diffusion in Emmental cheese during
the brining process. In this study, salt
concentration profiles were measured in
cylindrical samples over a temperature
range of 4 to 18°C, and three modeling
approaches were evaluated: Fick’s second
law with a constant diffusion coefficient,
the  Boltzmann method with a
concentration-dependent diffusion
coefficient, and numerical identification of
the diffusion equation with a variable
diffusion coefficient. The results showed
that considering the dependence of the
diffusion coefficient on concentration and
temperature provided better agreement with
the experimental data. The effective salt
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diffusion coefficient decreased with
increasing salt concentration and increased
with rising temperature [8].

In addition to mass transfer approaches
based on the classical Fick equations, some
studies have used thermodynamic models
to describe mass transfer. Veldzquez-
Varela (2014) modeled the simultaneous
transport of water and ions during the
cheese salting process using a nonlinear and
irreversible thermodynamic framework in a
three-phase system consisting of protein,
fat, and aqueous phases. The results showed
that various driving forces, including
chemical, mechanical, and electrical
potentials, play a role in mass transfer, and
that the complex interactions among the
components of the cheese matrix, as well as
microstructural changes, can significantly
affect diffusion behavior [9].

Santapaola (2013) also investigated the dry
salting process of goat cheese from a
diffusion perspective. In this study, by
determining the temporal and spatial
concentration profiles of salt and water at
sample depth, Fick’s second law was
applied in the form of a semi-infinite model
to describe mass transfer. The results
showed that after 24 hours, salt penetrated
only to a depth of about 2 cm into the
sample, with the highest concentration
observed at the surface in contact with the
salt. In addition, the reduction in the
effective diffusion coefficient over time
was attributed to structural changes in
proteins and tissue shrinkage during the
early stages of the process [10].

Overall, the studies conducted indicate that
the modeling of salt diffusion and uptake in
foods has been carried out using various
approaches, including empirical kinetic
models, Fick’s law-based models,
multidimensional numerical models, and
thermodynamic frameworks. The results of
these studies show that factors such as
tissue structure, chemical composition,
temperature,  processing time, and
microstructural changes can significantly
affect diffusion coefficients and mass
transfer behavior. Therefore, the
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development of more accurate models to
describe salt uptake in processes such as
cheese brining can help optimize process
conditions, control the uniformity of salt
distribution, and improve the final product
quality on an industrial scale. Accordingly,
the aim of this study is to investigate the
process of salt uptake in cheese during
brining using an experimental and
modeling approach.

2- Materials and Methods

2.1 Chemical analysis and evaluation of
the salt diffusion coefficient in cheese
Chemical analysis of the cheese samples,
including ash, salt, moisture, fat, and
protein, was performed two weeks after

production. The fat content of the samples
was determined using the Gerber method,
and moisture content was measured by the
oven-drying method. Protein content was
determined wusing the macro-Kjeldahl
method. To determine ash content, the
samples were first dried in an oven at
105°C, and then placed in an electric
furnace at 550 °C until white or light gray
ash was obtained. Afterward, the sodium
chloride (NaCl) content was measured
using the Volhard method. All chemical
analyses were performed in triplicate. The
results of the chemical analysis of the
cheese samples are presented as weight
percentages in Table 1 [11].

Table 1. Chemical composition of cheese samples before brining

Cheese Moisture Protein

Fat

Carbohydrate” Ash

Non-salted 67.35+0.23 11.20+0.11

17.12+0.38

3.12 1.4840.36

*Carbohydrate percentage was calculated as 100 — (moisture%+fat%-+protein%-+ash%)

In this study, in order to consider cheese as
a semi-infinite medium, the Fourier number
criterion was evaluated. According to the

. D .
relation F, = L—Zt, a medium can be assumed

to be semi-infinite when the Fourier
number is less than 0.05. By considering the
salt diffusion coefficient in cheese and a
brining time of 48 h, the minimum required
thickness in the direction of diffusion was
calculated to be approximately 3.1 cm.
Since the thickness of the samples used in
this experiment was 5 cm, the Fourier
number obtained was less than 0.05;
therefore, the necessary condition for
assuming the medium to be semi-infinite
was satisfied. Thus, it may be assumed that
during the experimental period, the
diffusion front did not reach the end of the
sample, and the conditions of the diffusion
model used remained valid and stable.

Under these conditions, the diffusion
coefficient was determined using a one-
dimensional mass transfer model for a
semi-infinite medium, assuming one-sided
diffusion. The analytical solution of Fick’s
diffusion equation for these conditions is
expressed as Equation (1) [12]. To
investigate the mass transfer kinetics and
determine the salt diffusion coefficient,
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samples were taken from the central part of
the cheese and equilibrated at the
experimental temperature for 24 h in order
to achieve thermal stability. To ensure one-
dimensional diffusion conditions and to
prevent moisture loss or structural changes,
the lateral surfaces of the samples were
sealed with a layer of paraffin and a
protective covering (Parafilm), so that mass
transfer occurred only through the end
cross-sectional surface in contact with the
solution.

The salt uptake process was carried out in a
tank containing brine solution, together
with the addition of 300 mg/L calcium
chloride and adjustment of pH to 5.4 (using
lactic acid). In this method, a magnetic
stirrer operating at a gentle and continuous
speed was used to eliminate mass transfer
resistance in the liquid-phase boundary
layer and to maintain a constant
concentration at the contact surface,
thereby providing the boundary conditions
required for agreement with mathematical
diffusion models and for the accurate
extraction of kinetic parameters [8].
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Cs,0 — Cs¢ [1]
CS,oo - Cs,O
fGv50)
=er
2Dt

where: Cs s the initial salt concentration in
cheese (g salt per g cheese), Cs, » is the
equilibrium salt concentration (g salt per g
cheese), Ds is the effective diffusion
coefficient of salt in cheese (m?%/s), erfis the
error function, t is the brining time (s), and
L is the thickness of the cheese sample (m).
To determine the effect of temperature on
the salt diffusion coefficient, the Arrhenius
equation (2) was used. In this equation, DO
is the pre-exponential factor or the diffusion
coefficient at a very high temperature, Ea is
the activation energy of diffusion (kJ/mol),
R is the universal gas constant (8.314
Jmol™K™), and T is the absolute
temperature (K).

_E,
D(T) = Dye /Rt
2.2 Developed numerical model
considering the effect of osmotic force
During the brining process, the transfer of
salt from the brine solution into the cheese
matrix mainly occurs through molecular
diffusion. @ However, due to the
concentration difference between the brine
solution and the internal moisture of the
cheese, osmotic pressure is generated,
causing water to leave the cheese tissue and
move toward the surrounding solution. This
phenomenon not only changes the moisture
content of the cheese but can also influence
salt transport by introducing a convective
component to the mass transfer process.
Therefore, to describe the brining process
more accurately, the classical diffusion
model was extended by considering the
effect of osmotic force.
In addition, during the brining process, salt
diffusion and moisture loss occur
simultaneously and are interdependent
phenomena. To accurately describe these
kinetics, a clear distinction between
“osmosis within the internal tissue” and
“mass exchange at the contact surface” was
incorporated into the model. The details are
described as follows:

[2]
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a) Osmosis phenomenon within the
internal tissue:
Changes in salt concentration (cs) and the
mass fraction of water (cw) at all points
within the internal tissue are described by
coupled differential equations (Equation 3):
dCs
—= = V.(DsVCs)

ac,,

ot

=V.(DyVey)

- kosm(cs - CS,eq)
In this relation, cw is the mass fraction of
water in cheese, Dy, is the effective
diffusion coefficient of water in the cheese
matrix, cs is the salt concentration in cheese,
Cs,eq 1s the equilibrium salt concentration,
and kosm 1is the transfer coefficient
associated with the osmotic phenomenon.
The greater the difference in salt
concentration between the inside of the
cheese and the equilibrium state, the
stronger the osmotic force becomes, and the
greater the water loss from the tissue. At
this level, the term -kosm(cs — Cseq) acts as a
sink term, representing the exit of moisture
from the internal layers of the cheese. In
fact, the local presence of salt at any point
in the tissue (cs) changes the chemical
potential of moisture and creates the
osmotic driving force for water movement
toward the outside [13—14].
b) Mass exchange at the contact surface:
Unlike the internal process, mass exchange
at the cheese-solution interface (x = 0) is
subject to convective boundary conditions
(Equations 6 and 7). At this boundary, the
equilibrium values of salt (Cseq) and
moisture (Cy,eq) are not independent of each
other and are determined based on the
thermodynamic properties of the brine
solution at the contact surface. The high
concentration of salt in the external
solution, by reducing the water potential at
the surface, provides the concentration
gradient necessary to initiate diffusion and
moisture  loss. Therefore, the salt
concentration affects moisture transport
kinetics not only at the boundary (to
determine Cy,q), but also throughout the

[3]
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internal points (as the driving variable in the
osmotic term). To simulate this complex
behavior, COMSOL Multiphysics software
version 6.0 based on the finite element
method was used. The model geometry was
defined according to the laboratory
dimensions, and for the insulated surfaces
(walls and the sample center at x=L), a no-
flux boundary condition was applied in
accordance with Equations 8 and 9.

Initial and boundary conditions
The initial and boundary conditions of the
model were considered as follows:
Initial condition:
t=0 Cs(x,y,0)=0 (4]
t=0 Cy(x,0) (5]

w,0
Boundary conditions:

t>0 atx=0-—n.Js = ks(Cseq — Css)

[6]

t>0 atx=0-nJ, = ky(Cypeq — Cut)

[7]

0Cs(x,y,t 8

t>0 atx=1L Gty B _ 8]
ox

ac, (x,y,t 9

t>0 atx=1L %zo &

where ks and kyw are the convective mass
transfer coefficients for salt and water, and
Cseq and Cyeq are the equilibrium
concentrations of salt and water at the
cheese surface. The amount of salt over the
entire surface of the sample over time was
determined using Equation (4).
M(t)=]Cs(x,y.t) dA [10]

where Cs(x,y,t) is the salt concentration at
spatial coordinates and time, and dA is an
elemental area of the sample cross-section.
This relation represents the cumulative
amount of salt over the entire surface under
consideration at time t. The parameters used
in the model are presented in Table 2.

Table 2. Model parameters used in COMSOL Multiphysics simulations

Parameter

Value

Salt diffusivity at 6 °C

Salt diffusivity at 13 °C

Salt diffusivity at 20 °C

Water diffusivity at 6 °C

Water diffusivity at 13 °C

Water diffusivity at 20 °C

Initial moisture content of unsalted cheese
Molecular weight of water

Equilibrium salt concentration
Convective mass transfer coefficient (salt)
Molecular weight of sodium chloride

Density of cheese

Convective mass transfer coefficient (water)

Equilibrium water

Osmotic rate constant

9.2E-11 [m%s]
1.5E-10 [m?/s]
2.8E-10 [m?/s]
3.4E-10 [m?/s]
5.6E-10 [m*s]
7.8E-10 [m¥s]
0.672

0.018 [kg/mol]
5179.79 [mol/m?]
5e-6 [m/s]
0.05844 [kg/mol]
1100 [kg/m?]
le-6 [m/s]
38500.00 [mol/m?]

1.89¢-6 [1/s]
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3- Results and Discussion

Figure 1 shows the changes in salt
concentration in cheese as a function of
time at three different temperatures (6, 13,
and 20°C). The results indicate that the salt
diffusion process increases over time and
occurs more rapidly during the initial hours.
At the beginning of the brining process, due
to the large difference in salt concentration
between the brine solution and the cheese
surface, the slope of the curves is steep and
salt mass transfer occurs at a high rate. As
time passes and the concentration gradient
decreases, the diffusion rate declines and
the curves gradually approach a nearly
steady state.

0.25
0.2

0.18

(kg Nacl /kg cheese)

Salt Concentration

The results also show that increasing
temperature leads to greater salt uptake in
cheese. At 20°C, the highest salt
concentration is observed at all times,
whereas the lowest values correspond to
6°C. This behavior can be attributed to the
increase in the salt diffusion coefficient and
the decrease in solution viscosity with
increasing temperature, which facilitates
mass transfer. In general, the results
indicate that temperature is an important
factor in controlling the rate and extent of
salt diffusion during the cheese brining
process, and increasing temperature
accelerates salt uptake and allows higher
salt concentrations in cheese to be reached
more quickly [2—15].

20

30 40 50

Time (h)

Fig. 1. Salt concentration in cheese as a function of brining time at three temperatures (6, 13, and

In the next step, the effective diffusion
coefficient of sodium chloride (NaCl)
within the cheese samples was determined.
For this purpose, the analytical solution of
Fick’s second law for one-dimensional
diffusion in a semi-infinite medium was
applied. The normalized concentration
values obtained from the experimental data
were then fitted to the results of the
analytical model (Figure 2), and the
effective  diffusion  coefficient was
calculated by minimizing the difference
between the observed data and the values
predicted by the model.

20 °C)
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The results showed a good agreement
between the experimental data and the
model curves at the different temperatures
studied (6, 13, and 20°C), indicating that
the semi-infinite diffusion model is suitable
for describing salt transport during the
cheese brining process. Accordingly, the
effective diffusion coefficients at these
three temperatures were obtained as
9.2x107", 1.5x107'°, and 2.8x107'° m?s,
respectively, demonstrating an increase
with temperature [12—16].
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Fig. 2 Experimental and simulated normalized concentration for estimation of the effective diffusion
coefficient at three different brining temperatures

Using the effective salt diffusion
coefficients obtained at three temperatures
(6, 13, and 20°C), the temperature
dependence of the diffusion coefficient was
evaluated based on the Arrhenius equation
(Equation 2). For this purpose, a plot of
In(D) versus the inverse of temperature (K)
was constructed, and the results are shown
in Figure 3. According to this plot, the
Arrhenius relationship for the salt diffusion
coefficient in cheese was obtained as LnD
-6413.1(1/T) + 8.0207, indicating a
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significant dependence of the diffusion
coefficient on temperature. The slope of the
obtained line made it possible to calculate
the activation energy of the diffusion
process, and the activation energy was
determined to be 53.32 kJ/mol. This value
indicates that with increasing temperature,
the diffusion coefficient of salt in the cheese
matrix increases, and consequently the
diffusion and transport of salt during the
brining process occur at a faster rate.
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Fig. 3. Temperature Dependence of Salt Diffusivity Predicted by the Arrhenius Equation

Figure 4 shows the changes in cheese
moisture during the brining process for two
modeling approaches: the model with a
constant diffusion coefficient (black
curves) and the coupled model including
simultaneous diffusion of salt and water
together with the osmotic effect (red
curves). The results are presented for three
points within the sample, covering regions
from near the surface to deeper parts of the
cheese.

In both models, moisture decreases over
time as a result of mass transfer and the
migration of water from the cheese matrix
to the brine environment. The reduction in
moisture is faster during the initial hours,
which is due to the large concentration
gradient and the difference in chemical
potential between the cheese and the brine
solution. As time passes and these gradients
decrease, the rate of moisture reduction
gradually declines.

Comparison of the two models shows that
when the coupling between salt and water
diffusion is considered (red curves), the
moisture content at all locations and times
is lower than that predicted by the constant
diffusion model. This behavior indicates
that including the osmotic term in the mass
transfer equations intensifies water loss
from the cheese. In this situation, the
diffusion of salt from the brine into the
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cheese creates an osmotic pressure
difference between the cheese surface and
the surrounding environment. This osmotic
pressure difference generates a driving
force for the movement of water from
inside the cheese matrix toward the brine
solution, thereby increasing moisture loss.
Therefore, in the coupled model, in addition
to the moisture diffusion mechanism,
osmosis acts as an additional driving force
that accelerates moisture reduction in the
sample. As a result, the predicted moisture
decrease in the osmotic model is greater
than that obtained from the simple diffusion
model, and the real physical behavior of the
cheese brining process is better represented
[17].

To evaluate the predictive accuracy of the
models compared with the experimental
data, statistical indices were calculated. The
results showed that the coupled osmotic
model, with an average coefficient of
determination R*> = 0.98 and an average
RMSE = 0.38, had a higher agreement with
the experimental data than the simple
diffusion model (R* = 0.92 and RMSE =
1.24). This improvement in statistical
indices confirms that considering osmotic
pressure as an additional driving force is
necessary for accurately predicting the
dynamic behavior of mass transfer in
cheese.
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Fig. 4 Moisture content evolution during cheese brining predicted by constant diffusion model and
coupled salt—water diffusion model including osmotic effects at different internal positions at 13 °C
(A(0.025 m, 0.0025 m)e(0.025 m, 0.005 m)M(0.025 m, 0.01 m)).

Figure 5 shows the changes in salt
concentration and moisture at three
different positions inside the cheese sample
during the brining process. In this figure,
the black curves represent salt diffusion
within the cheese, and the red curves
indicate the moisture changes of the
sample. The results are presented for three
different points inside the sample. As
observed, the salt concentration increases
over time at all points; however, the rate of
increase is higher at locations closer to the
surface. At the point near the surface, salt
uptake occurs more rapidly during the
initial hours, whereas at deeper points the
increase in salt concentration occurs with a
delay and more gradually, indicating that
the process is controlled by molecular
diffusion within the cheese matrix.

In contrast, the moisture changes show a
decreasing trend, and the red -curves
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indicate the exit of water from the cheese
tissue due to the osmotic gradient between
the cheese and the brine solution. The
moisture reduction is more pronounced at
points close to the surface, and with
increasing distance from the surface this
decrease occurs with a gentler slope. Based
on the confirmation of the one-dimensional
model and the wvalidation results, the
effective diffusion coefficient of salt was
determined for the three temperatures and
used in the developed model. In this
developed model, in addition to the effect
of temperature, the osmotic force was also
included in the mass transfer equations
(Materials and Methods section), which
makes it possible to simultaneously predict
salt diffusion and moisture loss at different
points of the sample and to describe the real
behavior of the cheese brining process with
reasonable accuracy [18].
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Fig. 5 Salt concentration (black) and moisture content (red) at different internal positions in cheese
during brining at 13 °C (A (0.025 m, 0.0025 m)e(0.025 m, 0.005 m)M(0.025 m, 0.01 m)).

Figure 6 shows the changes in the total
amount of salt absorbed in the cheese as a
function of time at three different
temperatures: 6, 13, and 20°C. The total
amount of salt at each moment was
calculated by integrating the salt
concentration distribution over the entire
cross-sectional area of the sample. As
observed in the figure, the total amount of
absorbed salt increases continuously over
time at all three temperatures, indicating the
ongoing diffusion of salt within the cheese
matrix. During the initial hours, the rate of
salt increase is higher, but as time
progresses the slope of the curves gradually
decreases. This behavior results from the
gradual reduction of the concentration
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gradient between the brine solution and the
interior of the cheese, which acts as the
main driving force for mass transfer. The
effect of temperature is also clearly visible
in the figure; the highest salt uptake occurs
at 20°C, while the lowest occurs at 6°C.
Increasing temperature leads to an increase
in the effective diffusion coefficient of salt
and consequently accelerates mass transfer
within the cheese matrix. Therefore, at
higher temperatures the cumulative amount
of salt across the entire sample surface
becomes greater over the same period of
time. These results indicate that
temperature is one of the key factors
controlling the rate of salt diffusion and the
overall amount of salt uptake during the
cheese brining process [13-16].



Seid Reza Falsafi & Hamid Khafajeh

Development and Simulation of ...

0.35 -
A
A
- 0.304 A a
= P
= 1 A
= 025 A A
g "1 LA
g A o ®®
. A P
= 0.20 A NS
A ©
= A o ® [}
- D m W
w A 2 a ™
= A o ® m "
= 0.15 A ® m =
- o &
= A o a ®
=] @ [ ]
- A . - "
= o ] o
& 0104 A ©® gn" W 6DegC
= ° o B ® 13DegC
° A ®n@n A 20DeqC
= 0.05 g .
000‘“*?—' T T
0 10 20 30 40
Time (h)

Fig. 6 Total Salt Uptake in Cheese During Brining at Different Temperatures

Figure 7 shows the two-dimensional
distribution of salt concentration in the
cheese cross-section after 24 hours of the
brining process at three temperatures of 6,
13, and 20°C. These images provide a
comprehensive view of how the salt front
progresses from the surface toward the
interior of the cheese. Based on this, 1)
concentration distribution and penetration
depth: at all temperatures, the highest salt
concentration (red region) is observed at the
lower boundary (the contact point with the
brine). Moving toward the inner layers
(along the y-axis), the colors change from
red to yellow, green, and finally blue,
indicating a gradual decrease in salt
concentration. Comparison of the three
images shows that at 20°C the colored band
has a greater thickness; this means that salt
has traveled a longer distance toward the
center of the cheese and the penetration
depth is clearly greater than at 6 and 13°C.
2) flux lines: the white lines accompanied
by arrows indicate the direction of salt
diffusion flux. The vertical orientation of
these lines indicates that in this modeling
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the mass transfer occurs mainly in the
vertical direction and perpendicular to the
contact surface. This is consistent with the
assumption of one-dimensional diffusion in
a semi-infinite medium and shows that
lateral diffusion is negligible or limited due
to specific boundary conditions. 3) effect of
temperature  on  diffusion  kinetics:
increasing temperature increases the kinetic
energy of molecules and consequently
increases the effective diffusion coefficient
(D) according to the Arrhenius relationship.
The visual results obtained from the
simulation confirm that with increasing
process temperature, the rate of mass
transfer increases and within a fixed time
period (24 hours) more effective
penetration occurs in the cheese matrix.
These two-dimensional maps clearly
demonstrate the ability of the model to
predict the spatial and temporal distribution
of salt concentration and provide a useful
tool for better understanding the process
kinetics and for optimal design of brining
time in the cheese industry [18-19].
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Figure 7. Two-dimensional salt concentration distribution in cheese during brining at different
temperatures (6 °C, 13 °C, and 20 °C) after 24 h brining.

4- Conclusion

The findings of this study showed that the
cheese brining process is a time-dependent
mass transfer phenomenon influenced by
temperature and osmotic conditions, and
temperature is one of the most important
factors affecting the rate and extent of salt
uptake in the cheese matrix. Increasing
temperature leads to an increase in the
effective diffusion coefficient of salt,
accelerates its penetration into the cheese
matrix, and consequently increases the
amount of salt absorbed within a given
time. On the other hand, moisture loss from
the cheese occurs simultaneously with salt
diffusion, and when the osmotic effect is
taken into account, the intensity of moisture
reduction is greater and the description of
the real process becomes more accurate.
The results also showed that the one-
dimensional diffusion model based on
Fick’s second law, under semi-infinite
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conditions, has good capability in
estimating  the  effective  diffusion
coefficient of salt. Moreover, the developed
numerical model, which simultaneously
considers salt diffusion, water transport,
and the osmotic effect, can simulate the real
behavior of the brining process with
satisfactory accuracy. Therefore, the use of
such models can be an effective tool for
optimizing brining conditions, controlling
the uniformity of salt distribution, adjusting
moisture content, and ultimately improving
the final quality of cheese at the industrial
scale.
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