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The simultaneous diffusion of inorganic components in the olive pulp in wet brine was modeled based on Fick’s generalized 2™

Law and simulated using the finite element method. The main and crossed diffusion coefficients, the film coefficient and the Biot

number were determined, with the application of the simplex optimization method, through the minimization of the percentage errors.
The errors between the simulated and experimental data were 5.35% for NaCl and 4.77% for KCl and the adjusted main diffusion
coefficients were 0.4358 x 10> m* s! for NaCl and 0.5408 x 107> m* s! for KCI. The system developed to simulate diffusion allows
the control and modulation of the salts content that diffuses through the olive pulp.
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INTRODUCTION

The olive is the fruit of the olive tree (Olea Europea) and is one
of the most consumed fruits in Mediterranean countries, with Spain,
Portugal, and Greece being the largest producers. It is composed of
elements such as potassium, magnesium, calcium, and sodium and
has a high concentration of vitamin E and phenolic compounds,
including oleuropein, responsible for the fresh fruit bitterness, tyrosol,
and hydroxytyrosol. As fresh olives can be easily spoiled due to high
water activity until processing, they must undergo treatment in brines
or be used for oil production.'®

In brine treatment, the main component is sodium chloride (NaCl)
which is responsible for the preservative, flavoring, and delaying the
action of unwanted microorganisms’ development. Despite this, NaCl
excess in the diet can cause cardiovascular and kidney diseases.”® The
consumption of foods with low sodium content has been a concern
of the most attentive consumers, preventive medicine and the food
industry.’

To reduce the negative effects of high sodium chloride
consumption, some researchers recommend the partial replacement
of NaCl with other salts, such as calcium and potassium chloride in
amounts that do not cause changes in its sensory properties.”!!

In the conservation process, the natural olives, harvested at full
maturity or a little earlier, are washed to remove surface residues and
immersed in brine containing 6 to 10% (m/v) of sodium chloride,
which is responsible for reducing the taste of oleuropein. This
method consists of slowly diffusing the salt through the olive pulp
until equilibrium 3213

Several models of water loss and solute gain are based on the
assumption that mass transfer can be described by the Fick diffusion
equation (2" law) in a non-stationary regime. A wide variety of
solutions to Fick’s 2" law is presented by Crank.'*

Diffusion theories are well established and new applications
have enabled more realistic modeling of mass transfer in food
processes.” 316

When a fluid is in contact with a solid surface, a film forms
on the surface. If there is a mass transfer between the surface and
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the fluid, the current has to cross the stationary layer that acts as a
resistance.!”!8 Therefore, this diffusion process can be composed of
a series of mass transfer mechanisms, being necessary to consider
the resistances to mass diffusivity, both, internal and external. Such
hypotheses, commonly used, are quantified by the mass Biot number."”
According to some authors, the higher the Biot number, the lower the
influence of external resistance on the diffusion mechanism. If the
value of the mass Biot number is greater than 200, the relative error
in determining the diffusion coefficient, due to neglecting the external
resistance, is less than 1. Therefore, a high Biot number indicates
that the internal resistance is limiting and as this value decreases,
the external resistance increases, evidencing an interference of the
closest layer of solution in the solid surface contours.!”!

With the availability of high-speed processors, researchers and
designers have the opportunity to simulate industrial processes in
their closest way to reality. A numerical technique currently used to
solve problems that are described by partial differential equations
is the finite element method (FEM). The main advantages of this
method are that the spatial variation of material properties can be
easily manipulated, irregular regions can be modeled with great
precision, the method is the most suitable for non-linear problems,
the dimensions of the elements can be easily changed, spatial
interpolation is much more realistic and problems with the most
diverse boundary conditions can be efficiently worked out.”

Several authors have investigated heat and/or mass transfer by
applying the finite element formulation.”'>'¢?!2* The finite element
method is a set of efficient techniques that obtain numerical solutions
to differential equations, which can be applied in the most varied
fields of sciences, particularly in engineering, physics and chemistry
problems.''**? The method is general in terms of geometry and
material properties. More complex and irregular bodies composed
of different materials are conveniently represented since irregular
shapes can be approximated because each element can be different.>*

System optimization is an adjusting process for the factors
that influence them in an attempt to produce the best result. The
optimization processes are divided into steps, characterized by
decisions about the function to be observed, determining the factors
that significantly influence the response and the actual optimization of
the selected variables.” Over the years, several optimization methods
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have been developed. A proposal known as simplex was presented
by Spendley ef al.?*® The simplex is a regular figure that moves over
a surface to avoid regions of unsatisfactory response. The method
is a recurrent procedure, which tends to bring the simplex to an
optimal value by reflecting specific points. Once in the vicinity of
the optimum, the simplex can undergo contraction to determine a
more precise position.’

The objective of this work was to study the diffusion of inorganic
chemical species during the olive brining process and to determine
the diffusion coefficients, Biot number and the skin coefficient
simulating the process through the finite element method associated
with simplex optimization.

EXPERIMENTAL
Olives

Olives of the Arbequina variety were used, produced in the city of
Ventania - PR, Brazil - 24 06’ 58” S, 50 11’ 31” W - whose average
dimensions, obtained with a digital pachymeter are shown in Figure 1.

Brine Preparation and Sampling

12 L of brine with 10% (w/v) salt, containing 30% potassium
chloride and 70% sodium chloride were used. The olive samples were
completely immersed in the brine, without previous treatment, being
collected at 0, 6, 12, 14, 15, 17, 18, 22, 25, 33, 39, 45, 51, 57, and
60 hours. Each sample consisted of a set of pulps from three olives.

Centesimal Composition

The quantification of the moisture content in fresh samples was
carried out by drying the olives in an oven at 105 °C until obtained
a constant weight. For the protein content, the Kjeldahl Method was
used, considering a conversion factor of the total nitrogen content
to the protein percentage of 6.25%. The ash was determined by
incineration in a muffle furnace at 550 °C. The lipid content was
analyzed gravimetrically after extraction with petroleum ether using
the Soxhlet extractor device. The total carbohydrate content in the
olive pulp was determined by the percentage difference between the
total mass and the sum of the other components: proteins, lipids, ash
and moisture. The physicochemical characteristics of the olive pulp
were determined in triplicate.

Determination of Sodium and Potassium Concentrations

The concentrations of NaCl and KCl in olive pulp samples were
determined according to the methodology described by Bordin et al.,’
with modifications, using the Micronal photometer, model B-462,
with an air pressure of 0.8 kgf cm™? and air pump pressure of
1.5 kgf cm? using butane gas.

Three-Dimensional Modeling

The modeling was performed using the finite element method
considering three-dimensional mass transfer, Fick’s second law
equations'® and Onsager’s equations?” according to equation 1.

% = D”VZCI + D12V2C2 and % = DZleCl + D22V2C2 &)

where D, D,, and D,, D,, are the main and cross diffusion
coefficients, respectively and V*(.)=V.V(.) is the Laplacian operator.
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The diffusion coefficient was considered constant, regardless of
the position and immersion time in the brine. The solute diffusion
occurred under isothermal conditions (20 °C) and the contraction
of the olive samples during salting was considered negligible. To
determine the diffusion coefficients and evaluate the influence of the
film formed on the olive surface, the Cauchy boundary condition was
considered and described in mathematical terms by equations 2 and
3, respectively. The initial concentrations of NaCl and KCI in olive
are represented by C, jand C, .

C (x, Y, Z, 0) =C,,and CZ(X, Y, Z, 0) =Cx,y,z € Q 2)
w = l;—m[cI -C,]and @ = :—m[c2 ~C,, |xyz €00, t>0 (3)

where h,, (ms") is the mass transfer coefficient, A, (m? s™!) the
mass conductivity, 0Q the domain, d/dn the operator of the normal
derivative. The concentrations of the solutes present in the brine in
direct contact with the olive are represented by C,, and C,,. The
coefficients h,, and A, are associated with the Biot number according
to equation 4, which provides the ratio of the internal and external
resistance of the mass transfer.

Bi= h';'R" (=123 4)

‘m

where R; is the characteristic dimension.

The finite element formulation followed the procedures
established by Cremasco ef al.'® The flux was established only in the
olive pulp whose domain, orientation and extra fine regular tetrahedral
mesh, with 127,044 elements, are represented in Figure 1.
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Figure 1. Average dimensions of the olives collected, the orientation and
mesh generated by the finite element method (FEM)

Statistical Test

The optimization was performed by minimizing the percentage
error according to equation 5.%

N ‘6 —C 1
Error % =100Y | -2 2011 — (5)
Zl C N

exp
being éexp the average experimental concentration, C,,, the
concentration simulated by the numerical solution and N the number
of observations considered.

Diffusion Coefficients and h, /A,
The adjustment of the main and cross coefficients and the

h,/A, ratio was performed by applying the optimization by the super
modified simplex method coupled to the desirability function (DF),
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using an algorithm originally developed by Harrington*® and later
improved by Derringer and Suich.!

Several coefficient associations were generated by the COMSOL*
software via the finite element method and compared using the
optimization algorithm. With these new simulated concentrations,
they were compared with the experimental ones, providing new
percentage errors calculated by equation 5. By minimizing the errors,
this process was repeated until the stability of the values found for
the percentage errors and main, crossed coefficients, h,/A,,; where
h,, (m s') is the mass transfer coefficient of the solute in the film
formed around the olive and A, (m?s™") is the mass conductivity.*?

Computer Program and Processing

An Intel® Core™ i7-4790 CPU® 3.60 GHz computer was used,
with 32 GB RAM with 250 GB HDD. The diffusion process was
simulated by the COMSOL??> Multiphysics® software version 5.2
(COMSOL, Inc., Burlington, MA) using the finite element method.

RESULTS AND DISCUSSION

Samples of in natura olives, before starting the salting process,
were submitted to the centesimal composition assay and the values
corresponding to the moisture, lipid, carbohydrate, protein, ash,
sodium chloride and potassium chloride contents of the olive pulp
are shown in Table 1. The results of the centesimal composition
assay except for the oil and carbohydrate content, are similar to the
values presented by Ongen et al.** cited by Colak & Hepbasli,* that
is, 14.67% and 3.32% respectively. Water is the major component
in the composition of the olive, with an average value of 69.63%.
According to Malheiro et al.*® the ash content (1.31%) does not vary
considerably with the cultivar.

It can be seen in Table 1 that the concentration of sodium
chloride is higher than that of potassium chloride. Satide,* studying
the production of olives in brines with low sodium chloride content,
using the Macanilha cultivar, showed that the sodium content, in
fresh samples, is higher than the potassium content. Unal & Nergiz’
analyzed the composition of Memecik olives and showed that the
potassium content was higher than the sodium content. We can see
that the sodium and potassium content of fresh olives depends on the
variety and geographical origin. In Table 1, the sodium and potassium
chloride contents are already included in the ash content.

Table 1. Centesimal composition of olive pulps before diffusion by immersion

Composition 2100 g!
Moisture 69.63
Ash 1.31
Lipids 5.16
Protein 1.42
Carbohydrate 22.48
NaCl 0.029
KCl1 0.022

According to Fernandes et al.,*® Gémez et al.,*® Hurtado et al.*
and Cardoso ef al.*' the production of preserved olives is delayed
due to the slow diffusion of the compounds through the skin to the
outside and because the oleuropein solubilization in the brine is slow.
The equilibrium is reached between 8 to 12 months when all the
fermentable substrates, mostly sugars, are exhausted.

To simulate the diffusion process of sodium and potassium
chloride, the olive samples were immersed in brine for 60 hours.
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During the salting period, three samples of olives were collected at
each sampling time. The dimensions of each sample were determined,
and the pulp was removed, weighed and placed in porcelain crucibles
to determine the moisture and the sodium and potassium chloride
content. Figure 1 shows the average dimensions of width, height and
pulp as well as the mesh used in the simulation procedure by the FEM.
At the beginning and end of the salting period, the concentrations of
NaCl and KCl in the brine were determined. The final concentrations
did not show a significant difference at a level of 5% when compared
to the beginning of the salting process, since to keep the concentration
of salts in the brine constant, the ratio between its volume and the
volume occupied by the olives was 50:1.

With the data of the salts’ concentrations in the olive pulp at the
established sampling times, during the salting process by immersion,
it was possible to adjust the main and cross-diffusion coefficients and
the ratio between the film coefficients and mass conductivity (h,/A,,)
using the finite element method and the optimization applying the
super modified simplex method. As the simplex method is recursive
and with constraints, to avoid an optimization with many steps, the
lower and upper limits of each parameter, described in Table 2, were
established based on preliminary tests.>!!

Table 2. Lower and upper limit of the main, cross and h,/A,, diffusion coe-
fficients used in simplex optimization

Lower Limit Upper Limit
NaCl main coefficient (m? s™) 0.2200 x10°2 0.5000 x 102
KCI main coefficient (m? s™") 0.4500 x 102 0.7000 x 102
NaCl cross coefficient (m? s™) 0.0250 x 102 0.0450 x 102
KCl cross coefficient (m? s™') 0.0150 x 1012 0.0500 x 102
h, /A, (m™) 19,718.3100 33,802.8200
(h,,): mass transfer coefficient. (A,): diffusivity coefficient.

In the optimization of the main and cross-diffusion coefficients
and the h, /A, ratio, Equation 5 was applied to minimize and stabilize
the values of the percentage errors between the simulated and
experimental concentrations using the joint optimization represented
by the desirability function (DF).*

This procedure was carried out until simplex 47, as the difference
between the three consecutive error values and DF were below
2 x 102, which was the stopping criterion considered (Figure 2 and
Figure 3D). The smallest percentage errors obtained in simplex
47 were 5.35% for NaCl and 4.77% for KCI. These values were
considered adequate and similar to those found by Bordin et al.’
and Bona ef al.¥ when they studied the diffusion of these salts in
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Figure 2. Convergence of NaCl and KCI percentage error values during
simplex optimization
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champignon mushrooms and cheese, respectively. In the present study,
errors had their variation minimized from the simplex 45 onwards,
as can be seen in Figure 2.

Figure 3 shows the values convergence of the cross coefficients
D,,, D,, (Figure 3A), main coefficients D,,, D,, (Figure 3B), Biot
number (Figure 3C) and the value of the DF desirability function
(Figure 3D). This convergence occurred due to joint optimization
that provided an adjustment of the error responses simultaneously
(Figure 3D).

Table 3 shows the values of the coefficients obtained by simplex
optimization. The diffusion of ions in the olive, even verified in the
occluded water of the solid matrix, results in effective coefficients
much smaller than the diffusion coefficients of the sodium and
potassium ions in very dilute aqueous solutions, which are
1.334 x 10° m?s! and 1.957 x 10° m?s’', at 25 °C, for NaCl and
KClI respectively.* This happens due to the interactions of solutes
with proteins, carbohydrates, lipids, fibers and inorganic constituents
present in the biosolid matrix, in addition to the presence of irregular
and tortuous pores within its structure.'$4

Depending on the chemical composition of the food, the main
diffusion coefficients may differ when compared to each other.
According to Borsato et al.,*® quail egg cooked with 74% moisture,
which is characterized as a solid protein matrix, when subjected to
immersion in brine with 3% salt (70% NaCl: 30% KCl), presented main
diffusion coefficients of 8.047 x 10"° m*s™! and 1.185 x 107° m?s™!
for NaCl and KCl, respectively. Bordin et al.” studying the salting
process in champignon mushrooms, determined main diffusion
coefficients of 0.2692 x 10° m? s and 0.2953 x 10 m? s”! for NaCl
and KCl respectively.

In a high-fat food, Oliveira ef al.* showed that in Prato cheese
with 39.00% moisture, immersed in brine containing 70% NaCl:
30% KCl, the main diffusion coefficients were 0.5 x 10° m? s' and
0.3 x 10° m?s™! for NaCl and KCl, respectively, and Clemente et al.!!
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found main diffusion coefficients of 1.12 x 10® m? s*! and
0.91 x 10 m? s”! for NaCl and KCl in the salting process of mozzarella
cheese with 45.68% moisture.

In the present work, as the olive used (Table 1) presented
high moisture content and low protein and lipid content, the main
diffusion coefficient of potassium chloride was 1.24 times greater
than the sodium chloride, not suffering great influence of these olive
constituents, a behavior similar to that verified by Bordin et al.’

The value of the potassium cross-coefficient is 1.12 times greater
than the sodium, which suggests that the potassium flow interferes
more with the sodium flow than this the potassium flow. Also, the cross
coefficients are much smaller than the main ones, which is expected,
since the diffusion to the gradient itself is more important than the
interference of one solute in the flow of the other.***

The film coefficient (h,) value of potassium chloride
(1.2499 x 10® m s!) is greater than the sodium chloride
(1.0072 x 10" m s™') indicating that the diffusion of sodium chloride
suffers greater influence on the film formed on the surface during
the salting process.

The Biot number optimized in the diffusion process was 82.05,
indicating that there is an interference from a film formed on the
contours of the olive surface. According to Borsato et al.,*® the lower
the Biot number, the greater the influence of the layer on the flow
of inorganic components at the interface, thus limiting the diffusion
by external resistance. The increase in the Biot number indicates
less influence of the barrier on mass transfer, with dominant internal
resistance. According to Bona er al.,”® the external resistance can be
considered negligible when the Biot number is equal to or greater
than 200.

Figure 4 shows the distribution profile of sodium and potassium
chloride during the olive salting process. The dots represent the
experimental data and the lines the data simulated by the finite
element method.
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Figure 3. Variation of the main coefficients D,,, D,,, cross D,,, D,, Biot and DF (desirability function) during the simplex optimization
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Table 3. Main and cross-diffusion coefficients, Biot number, mass transfer
coefficient and the percentage error of the diffusion experiment

NaCl KCl

Main diffusion coefficient

(ms)) 0.4358 x 102 (D,,)

0.5408 x 102 (D,,)

Cross diffusion coefficient

0.0293 x 102 (D,,)  0.0329 x 102 (D,,)

(m*s™)

h, (ms") 1.0072 x 10 1.2499 x 10
Error (%) 5.35 4.77
h,/A,, (m™) 23,112.1127

Biot 82.05

Biot number estimated to the x-axis. (h,): mass transfer coefficient. (A,,):
diffusivity coefficient.

We can see in Figure 4 that the diffusion of salts is not linear, as
there is a greater increase in the concentration in the first hours of
salting and that the concentration of salts, obtained by simulation,
shows a tendency to increase even after 60 hours of salting.
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Figure 4. NaCl and KCl distribution profile during salting. The experimental
data for NaCl are represented by (W) and KCI (A ), and the simulated data by
(—) for NaCl and (---) for KCI

Figure 5 shows the salts distribution profile by simulation, along
the X axis, during 333 days for NaCl and 208 days for KCI, the
necessary time for the salts’ concentration in the olive pulp to be
similar to the brine concentration.
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The shorter time for KCI reach equilibrium is because it has a
higher principal diffusion coefficient when compared to NaCl, despite
having a lower concentration in the brine. It is possible to observe in
Figure 5 that the concentrations on the surface of the biosolid (x = 0),
in the initial times, are not the same as the boundary conditions
represented by the concentration of NaCl and KCl in the used brine.
This happens due to the influence of a resistive film on the surface,
verified by the dimensionless mass Biot number determined, 82.05.
However, with increasing salting time, above 83 days for NaCl and
42 days for KCI, the concentrations converge to the values of the
salt concentration in the brine, assuming the Dirichlet boundary
condition.® The different times observed indicate that the resistive
influence of the film is not the same for the diffusion of NaCl and KCl.

Figure 6 shows the distribution of simulated concentrations, in
biosolid slices, during the salt diffusion process up to 333 days for
NaCl and 208 days for KCI.

According to Figure 6, after 8 and 4 days of diffusion for NaCl
and KCl, respectively, 25% of the salts had already been incorporated
by the olive pulp, 29 and 21 days, 50% and 83 and 63 days 75%. This
indicates that the diffusion is not linear, being faster in the first days
of salting. On 192 and 125 days, 95% and equilibrium are reached
after 333 days for NaCl and 208 days for KCI.

CONCLUSION

The optimization of the main, crossed and h, /A, coefficients were
performed associating the simplex optimization with the desirability
functions and the finite element method (FEM). This model associated
with simplex optimization proved to be a good tool in simulating the
diffusion of the salt during the olive salting process, predicting the
final concentration of solutes at a given time.

The amount of salt transferred to the interior of the food did
not show a linear relationship with the salting time, since the
highest concentrations of salts were observed in the first days of the
process.

The presence of a resistive layer on the surface of the olive was
verified, causing interference in the salts’ diffusion, confirmed by the
mass Biot number obtained.

The mathematical modeling of the diffusion process during
the olives salting, through the finite element formulation, served to
predict the final concentration of solutes as well as at a given time
and/or position.

The study of the diffusion of the salt in foods has gained

KCI
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Figure 5. Salt distribution profile during the simulation of the salting process during 333 hours for NaCl and 208 hours for KCI
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Salt concentration (mol m-3)

Figure 6. Distribution of NaCl and KCI concentrations (mol m?) in the olive sample during the diffusion process after 333 days and 208 days respectively

prominence due to the interest of consumers who are looking for foods
with lower sodium content. In addition, the concentration of salt and
its distribution within the food are relevant parameters responsible
for the quality and acceptance of the final product.
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