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ABSTRACT

The main limitation of salting is its extended processing time, mainly caused by the slow
diffusion of salt into the muscle tissue. The diffusion process can be accelerated by different
technologies such as moderate electric fields (MEF) and CO,-laser microperforations.

The main objective of this research was to evaluate the implementation of a combined
MEF-CO,-laser-microperforation treatment on the acceleration of the salting process in
Atlantic salmon (Salmo salar) and its influence on the effective diffusion coefficient (D).

Salmon fillets were cut in cylinders. Microperforations at 50 and 100% depth into salmon
tissue were produced axially with a 100 W CO, laser. For MEF treatment an electric field
strength of 1 V/cm was used. Salt concentrations along time were analyzed through Fick’s
second law and anomalous diffusion models, considering a finite cylindrical geometry.

As a result, treatment with micropores-MEF achieved a salt concentration of 3.5% after 4
h, while the control required 12 h to reach the same salt concentration. When both tech-
nologies were simultaneously applied, both Dy and final equilibrium salt concentration
were increased, thus resulting in a significant reduction in salting time. The mathematical
analysis showed good fit through the anomalous, presenting a sub-diffusive (« < 1) behavior

for all treatments.

© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

The main limiting factor of the brine-salting procedure is prolonged
processing time. The processing time is approximately 48 h and lim-
ited principally by two factors, namely, low salt diffusion in muscle
tissues and low temperatures (Van Nguyen et al., 2010). The mecha-
nism involved in salting fish indicates that salt migration by diffusion
plays an essential role (Wang et al., 2000). Salt diffusion is significantly
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reduced at low temperatures (Gou et al., 2003), but due to a long pro-
cessing time, salmon salting must be carried out at low temperatures
of 2—4 °C (Birkeland and Bjerkeng, 2005).

The evaluation of MEF in food processing includes studies on fruits,
fish and pork meat (Simpson et al., 2015, 2018; Hong et al., 2012;
McDonnell et al., 2014; Nunez et al., 2020). During osmotic dehydra-
tion of an apple, the MEF accelerated mass transfer significantly and
reduced the processing time (Simpson et al., 2015). In salmon, the brin-
ing process coupled to MEF showed no significant differences in the
effective diffusion coefficient (D) of salt within salmon tissue com-
pared to that of standard procedures. However, MEF technology has
demonstrated up to an 80% reduction in the salting processing time of
salmon using a shallow electric field (~2 V/cm). This reduced process-
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ing time increases the salt concentration of the final product and does
not affect the final product quality (Simpson et al., 2018).

Another emerging, albeit less well-studied, technology to generate
microperforations is the carbon dioxide (CO,) laser beam. This tech-
nology can be applied at specific locations, within a diameter ranging
from 50 to 300 pm, and on several surfaces and arrangements (Yelden
Eugene and David, 2008; Altshuler et al., 2000). Furthermore, it is a non-
contact technology that significantly diminishes the chance of physical
and microbiological contamination of materials, as observed with tra-
ditional cutting or contact with devices or fluids (Bilanski and Ferraz,
1991; Ferraz et al., 2007). To date, few applications have been reported
in the food industry. Some of these applications include the use of
CO,-laser in potato peeling (Bilanski and Ferraz, 1991) and tomato peel-
ing (Silva-Vera et al., 2020), browning of doughs in baking processes
(Blutinger et al., 2019), product identifications on the surface of avoca-
dos and grapefruits (Sood et al., 2009) and on eggshells (Chen et al,,
2009a, 2009b), creating channels for faster water penetration in the
form of accelerating tempering in wheat (Hou et al., 2009), and accel-
erating diffusion in the impregnation process in frozen blueberry skin
as a pretreatment of osmotic dehydration (OD) (Fujimaru et al., 2012).
In frozen blueberries, the application of CO,-laser microperforations
improves water removal with concomitant sugar infusion during skin
pretreatment of blueberries that were mechanically cut (Fujimaru et al.,
2012). This application has also demonstrated significant potential as a
skin pretreatment for the freeze-drying of blueberries (Munzenmayer
et al., 2020).

The mathematical model of the salt diffusion process during brin-
ing has presented some deviations from Fick’s second law mainly due
to the heterogeneous microstructure of salmon tissue. However, as
reported by Simpson et al., (2018), the use of MEF to accelerate the
brining process deviates even further from the diffusion process, being
necessarily considered an anomalous model to describe the phenom-
ena better, being fractional calculus a powerful tool to apply in this
type of case. It is challenging to adequately represent the diffusion in
microperforated salmon tissue salting by MEF using fractional calculus.
To date, no application of CO,-laser microperforation on salmon salt-
ing has been reported, nor is there information on the mathematical
modeling of the diffusion process.

The main objective of this research was to evaluate the implemen-
tation of a MEF-CO;-laser combined treatment on the acceleration of
the salting process in Atlantic salmon (Salmo salar) and its influence on
the effective diffusion coefficient (D) as determined using Fick’s sec-
ond law and an anomalous diffusion model considering a finite cylinder
geometry.

2. Materials and methods
2.1.  Sample preparation

Atlantic salmon fillets (Salmo salar) were acquired from a local
market and transported in an insulated box to the laboratory
under refrigeration (2 °C). Three salmon fillets were used for
each experiment. The fillets were cut to simulate finite cylin-
ders of 0.04 + 0.001 m in diameter and 0.007 £+ 0.001 m in
height, and the weights of the resulting samples of salmon
were 8 £ 0.005 g. Each sample was weighed, tagged and imme-
diately processed.

2.2. Brining and sampling

The samples were randomly collected and salted by immer-
sion in 6% solution (w/w). The salting solution was prepared
using food grade NaCl and tap water at a brine/salmon ratio
(11/1 w/w) high enough to avoid any significant concentration
change in the brine solution during the salting experiments
(Simpson et al., 2018). For the salting process, the samples
were immersed in a tank containing two concentric cylin-

drical stainless-steel electrodes of 3.7 and 19 cm in diameter
with 7.65 cm between them. The tank had a nonconducting
plastic bottom. To prevent the samples from floating during
the experiments, a plastic grid was used to keep them sub-
merged. The salting processes were conducted at 6 & 2 °C for
24 h. The temperature and voltage were measured with cop-
per wire thermocouples connected to an OM-320 data logger
(Omega Engineering, Stamford, CT, USA) using a modem con-
nection and port connection to a computer. For MEF treatment,
an electric field strength (E) of 1 V/cm was used (Simpson etal.,
2018). To calculate the yield during salmon salting, samples
(n = 3) were analyzed after drainage for 2-3 min on a grid at
different sampling times (0, 0.5, 1, 1.5, 2, 4, 8, 12, and 24 h).
At each timepoint, three cylinders of salmon were randomly
chosen, and their salt concentration and water content were
separately determined.

Six salting treatments were carried out, as follows: a) stan-
dard sample salting as a control process, b) microperforated
samples with CO,-laser with 50% depth of salmon tissue
(depth breakthrough of 3.5 mm) followed by standard salting,
c) microperforated samples with CO;-laser with 100 % depth of
salmon tissue (depth breakthrough of 7 mm) followed by stan-
dard salting, d) salting coupled with the application of MEF,
e) microperforated samples with CO;-laser (50%) followed by
salting coupled with the application of MEF, and f) microp-
erforated samples with CO,-laser (100%) followed by salting
coupled with the application of MEF. The schematic represen-
tation of the experimental design is presented in Fig. 1.

2.3.  Microperforations with CO, laser technology

Sample preparation for samples with microperforations were
done with a 100 W CO; laser (Firestar t100, Synrad Inc. Mukil-
teo, Wash., USA) with a 1500-mm focus, FLA-125 lenses (Serial
# 1859), and a computer interface with WinMark Pro laser
market software (Synrad Inc.). The system was operated at
a continuous wavelength of 10.6 pm and a frequency of 10
kHz. Samples were perforated at 50 and 100% depth into the
salmon tissue. Both were an 8 x 8 microperforation matrix
with a 5-mm gap between each perforation, made with a FLA-
125 (Serial # 1859) lens. The pore size was of 233 + 17.50 pm.
In the case of 50% depth, the following parameters were set
in the laser equipment: 10% power, 400 pulses and pulse time
of 3 ps with a time between pulses of 4 ps; on the other hand,
for 100% perforation, the following parameters were used: 12%
power, 400 pulses and pulse time of 3 us with a time between
pulses of 6 ps.

2.4.  Analysis of the sample composition

The moisture content (X}’V was determined by drying the
samples (n = 3) according to the method defined by the Asso-
ciation of Official Analytical Chemists (Association of official
analytical chemist (AOAC, 1996). The salt concentration of
each sample was measured in triplicate using a DiCromat II
Salt Analyzer (PCL Control Instrument, Leicester, UK).
Changes in the salt and water contents (AM}" and aMNa<,
respectively) were calculated using the following equations:
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Fig. 1 - Schematic representation of the experimental design of salmon cylinder salting using brining solution.
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where Mg and M? represent the sample weight at times 0 and
t, respectively; and x¥, x¥, x)%¢!, and xN%! are the water (W)
and salt (NaCl) mass fractions in a given sample at times 0

and t, respectively.

2.5.  Mathematical analysis of the salmon brining
process
2.5.1. Fick’s second law model

Salmon tissue can be considered to have a heterogeneous
structure (4; Sigurgisladottir et al., 2000), where the diffusion
process in porous materials can be expressed in terms of the
effective diffusivity (Deg) (Simpson et al,, 2018). This corre-
sponds to an observed parameter, which represents salting by
a diffusive process. The geometry for the salmon sample used
here was a finite cylinder. The average concentration progress
of the sample can be determined by combining the analytical
solution of Fick’s second law for the diffusion process in an
infinite cylinder with that of an infinite slab. The mathemati-
cal description for diffusion in a finite cylinder is given by Eq.

(3):
aC 3°C
(Tg) + Deff (322)

where C is the average solute concentration in the salmon,
r and z are the radial and axial directions (m), respectively,
Dy is the effective diffusion coefficient (m?/s) in the tissue,
and t is time (s). The solution of Eq. (3) depends on the initial
conditions:

aC 10

ot = Deff 7 37 ®3)

C(r,z,0)=Co (4)

and boundary conditions,

C(r=Rzt)=C(r,z==+L/2,0,t)=Ce, t >0

where C is the initial concentration and C is the equilibrium
salt concentration (considered to be the surface boundary con-
dition). It is important to remark that Ce do not correspond to
the concentration of brine solution, otherwise Ce is the salmon
tissue concentration in equilibrium with the brine concentra-
tion. Ce used for fitting corresponded to that attained at 24
h.

The dimensionless average concentration for a finite cylin-
der is given by the integration of Eq. (3) (Crank, 1975).
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where C*is the normalized average of the salt content present
in salmon cylinders and is defined as C*=( C (t)-Ce)/(Co-Ce); L is
the half-thickness (m); ¢, is the nth root of the equation Jo(en)
= 0; Ris the cylinder radius (m); and n is the number of terms
used for summation (for this study case, the number of terms
corresponded to 250).

2.5.2.  Anomalous diffusion model

The use of fractional time derivatives has been confirmed
by studies that indicate that porous materials can be well-
characterized with respect to superdiffusive and subdiffusive
behavior using only temporary fractional orders (Simpson
et al., 2013). Thus, the solution for the anomalous diffusion
is shown in Eq. (7).

E—D* EE(YE>+D* Bzic
ate — “effroar U or off \ 822

Temporal fractional calculus was considered to approach
diffusion in which the value of « is associated with the anoma-
lous order. The value of o depends on the food product and
represents the fractional kinetics indicating if the diffusion
process is subdiffusive, if 0 < « <1, or is defined as superdiffu-

)
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sive, when o > 1. In the case where a = 1, the model is described
by Fick’s second law. D} f is the fractional diffusion coefficient
(m/s*), where the same boundary conditions (Egs. (4) and (5))
for Fickian diffusion are applied. Then, the solution for the
anomalous diff ;usion model is shown in Eq. 8.
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where Ea corresponds to a Mittag-Leffler function (Ramirez
et al., 2016), which corresponds to the following equation.

k
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2.6.  Determination of the effective diffusion coefficient
(Dg and D*g) and statistical analysis

MATLAB R2019a software, version 9.6 (The MathWorks, Inc.,
Natick, MA, USA) was used to perform the nonlinear regres-
sion of the experimental data, minimizing the sum of the least
squares and obtaining the D values. The following objective
function was used:
n 2
Fobjectiue (Deffs Ce) = Z(C (t)calculated -C (t)experiment) (10)
i=1

For anomalous diffusion (Eq. (8)), the same formula (Eq.
(10)) is used. However, in this case, two parameters (Dfo and
@) are obtained from the fitted data.

n 2

Pobjectiue (Deff’ a, Ce) = Z(Cf(t)calculated - Cf<t)experiment) (11)
i=1

The adjusted coefficients of determination (R?) for both
were calculated to account for the difference in the number
of parameters, where n is the sample size and p is the number
of parameters of the respective adjustment.

RZ=1- n=-1)/(n-p)- Fobjetive (12)

Comparison of (Rz) allows for consideration of the overfit
and thus comparison of the regression models using a differ-
ent number of parameters: Dgg for a Fickian model (Eq. 6) and
szf,a for an anomalous model (Eq. 8).

3. Results and discussion
3.1. Salt and water mass change

Fig. 2A shows the salt weight changes (AMN“!) in salmon mus-
cle during brining. There was a significant salt increase (p <
0.05) from initial values of 0.28 &+ 0.01 up to values of 4.38 +
0.02 in control and MEF-100% samples, respectively, by the end
of the process (24 h). Treatment with MEF resulted in products
with higher salt concentrations compared to the control sam-
ple; this can be explained by the effect of electroporation (Hong
etal., 2012; Kusnadi & Sastry, 2012), the same kind of effect has
also been reported in salmon by Simpson et al. (2018). When
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Fig. 2 - Weight changes during the salting time of salmon
cylinders for (A) salt and (B) water.

microperforation only was used, there were significant differ-
ences between the experimental and control treatments (p <
0.05), which suggests that laser perforation was more effective
in promoting salt gain; however, there was no statistical sig-
nificance between the depths. A study by Fujimaru et al. (2012)
investigated the utility of CO; laser perforation as a novel skin
pretreatment for the sugar infusion of blueberries and demon-
strated that laser perforation can be a viable skin pretreatment
technique. However, the effect of laser perforation processes
has not been studied in fish.

Significant interaction was observed between MEF and
microperforation treatment, obtaining the highest salt weight
change in MEF treatment with 100% depth, which suggests
a combined effect of electroporation and laser perforation,
especially when deeper penetration is used.

Fig. 2B shows the water weight changes (AM}’) in brined
salmon samples. The samples brined at 6% (w/w) gained water
throughout the brining process; similar results have been
reported by Aursand et al. (2010), Gallart-Jornet et al. (200743,
2007b) and Jiang et al. (2019).

The results show that the salting treatment, MEF or microp-
erforation, significantly affected the water weight change in
the samples. The effect of water weight change was greater
with MEF than with microperforation application up to 12
h. One possible explanation is that the electroporation is
reversible due to the low concentration of brine (6%); there-
fore, it allows the salt to enter, saturating the interior of
the cell, and subsequently, water enters to reach an osmotic
balance. Treatment with microperforations causes a greater
increase in water weight than the control treatment. This can
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Fig. 4 - Comparative plot of the control versus all
treatments.

be explained by the increased porosity caused by the laser,
which favors the migration and retention of solution within
the salmon samples. The electroporation effect is increased
with microperforation treatment, obtaining the highest water
retention capacity in the case of MEF-100%.

3.2.  Effect of micropores and MEF on the salt content
of salmon samples

The results obtained for the salt content of salmon cylinders
during 24 h of salting are depicted in Fig. 3. At first glance, it
is possible to observe differences between treatments, mainly
where micropores with 100% of depth coupled with MEF were
performed. These differences are visualized by plotting the
control versus all treatments (Fig. 4). This plot demonstrates
that the MEF-100% pore is the faster treatment. As shown in
Figs. 3 and 4, if a threshold of 3.5% salt is used, the MEF-100%
pore depth attained this value in only 4 h, while all other treat-
ments attained this value in the range of 8 h (100% without
MEF) to 10 h (MEF-50%, 50%) and even 12 h (control).
However, if we further analyze the curves, a second thresh-
old at 2% salt is evident. All treatments with micropores and
micropores coupled with MEF attained this value in approx-
imately 30 min, while the control and MEF required at least
60 min to attain 2% salt. Therefore, during the first hours
of processing, 50% and 100% pore depth behaved similarly
in terms of salt diffusion to salmon tissue. However, as time
elapsed, significant differences developed between both treat-

ments. These differences can be attributed to the capacity of
micropores with respect to the content of brining solution. The
micropore diameter was approximately 233 pm x3.5 mm deep
(50% pore depth) and 233 pm x7 mm deep (100% pore depth),
which resulted in a volume capacity of 0.015 mL and 0.030 mL
per micropore, respectively. If we considered an array of 8 x
8 pores, (64 micropores per sample), the maximum volume of
solution in the sample is 0.96 mL and 1.92 mL, respectively.
This implies that an amount of 0.0575 g for 50% pore depth
and 0.115 g of salt for 100% pore depth can be introduced eas-
ily into each sample. This therefore explains the differences
in Ce attained after 24 h in the salting process.

In general, the use of CO; laser-based micropores has
been reported as a technique to accelerate mass transfer. For
example, Almonacid et al. (2020) applied pores over blueberry
surfaces to accelerate the mass transfer during the freeze-
drying process and found that the primary drying time can be
significantly reduced from 17 h to 13 h when nine micropores
were introduced over blueberry skin. The quality of the dehy-
drated blueberry was significantly increased by reducing the
burst effect. Other studies also showed the positive effect of
micropores on the mass transfer process developed by Silva-
Vera et al. (2020). The results showed a positive effect on NaOH
transfer through tomato skin when it was micro drilled, which
can be summarized in a reduced peeling time and a reduction
in the NaOH concentration and waste-water strength.

MEF has also been studied as a method to accelerate mass
transfer in osmotic dehydration and salting using brining solu-
tion. For example, Simpson et al. (2018) evaluated the effect of
MEF in salting of salmon samples using brining solutions at
different concentrations. Their results showed that the salt
concentration increased when MEF was applied due to elec-
troporation of the cell structure, reducing the time required to
obtain a specific salt content (2% w/w). For example, obtain-
ing 2% w/w of salt using a brining solution of 6% w/w without
MEF took 2.5 h, while applying MEF only took 1.4 h. Addition-
ally, MEF modified the equilibrium salt concentration attained
by salmon samples and was significantly higher than the con-
trol. However, the D¢ did not significantly differ between the
MEF and control groups. Therefore, the authors concluded that
boundary conditions are important for the diffusion process
rather than the salt migration inside the tissue.

3.3.  Mathematical analysis based on Fick’s second law
and the anomalous diffusion model

The mathematical analysis based on Fick’s second law and the
anomalous diffusion model based on fractional calculus for
the salt content in salmon samples over time using different
combinations of micropore depth and MEF are summarized in
Tables 1 and 2, respectively.

Fick’s second law was used to model the data obtained from
different experiments. In general, the adjusted experimen-
tal data delivered R?-adjusted values in the range of 0.842 to
0.978, with RMSE varying between 0.177 and 0.441. The results
showed that the best fit was obtained for control samples
(R? = 0.974) and MEF (R? = 0.978) treatment. Other treatments
with physical changes (samples with micropores) could pro-
duce even more deviation with respect to the Fickian diffusion
process, especially in cases with 50% micropore depth, which
presented lower R? values (Fig. 5A). The results for D, 7 showed
that MEF did not present significant differences with respect
to the control process, with values of 3.43 x 10~1° m?/s and
3.53 x 1071° m?/s, respectively. However, a non-significantly (p
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Table 1 - Fick’s second law model parameters obtained for different treatments of the salmon brining process.

Fick’s second law model

Treatments Degs x 10 m?%/s Ce experimental (% w/w) RMSE R?-adjusted
Control 3.53 + 0.467 a a 3.87 + 0.04 a 0.192 0.974

MEF 3.43 + 0.652 = b 4.10 + 0.14 b 0.177 0.978
MEF-100% 4.90 + 0.184 a cd 437 + 0.04 cd 0.25 0.96
MEF-50% 4.03 + 0.729 2 bid 4.22 + 0.04 bid 0.441 0.842

100% 4.04 + 0.243 & il 4.26 + 0.01 EC 0.263 0.955

50% 4.23 + 0.728 & b 4.15 + 0.08 b 0.344 0.907

*Different lowercase letters represent significant differences between treatments (p < 0.05).

Table 2 - Anomalous model parameters obtained for different treatments of the salmon brining process.

Anomalous model

Treatments Defr x 1071% m?/s* a Ce experimental (% w/w) RMSE R?-adjusted
Control 8.15 + 118 a 091 + 0003 2 38 + 004 ? 0.176 0.978
MEF 8.26 + 140 a 09 + 0008 @ 410 + 014 P 0.094 0.994
MEF-100% 49.92 + 584 b 074 4+ 0009 ¢ 437 4+ 004 od 0.104 0.993
MEF-50% 102.28 + 1029 @ 0.65 + 0001 P 422 + 004 Pbd 0.206 0.970
100% 30.25 + 827 b 078 4+ 0.024 426 + 001 bd 0.168 0.982
50% 10644 + 1524 @ 0.65 + 0002 P 415 + 008 P 0.127 0.987

*Different lowercase letters represent significant differences between treatments (p < 0.05).
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Fig. 5 - Salt content attained in salmon samples along the brining process modeled with: (A) Fick’s second law and (B)

anomalous diffusion model using fractional calculus.

> 0.05) increase can be observed when micropores (100% and
50% of depth) were generated, attaining maximum D, values
of 4.90 x 1071° m?/s for MEF-100% pore depth. With respect to
the equilibrium concentration (Ce) obtained experimentally,
the results showed a significant increment (p < 0.05) in the
case of MEF and MEF with micropores, respect to control. In
terms of D¢ of NaClin fish meat, the values obtained for us are
according to those reported by Van Nguyen et al., (2010) for cod
loins (range from 4.0 x 1071 t0 5.45 x 10~1% m?/s) and Gallart-
Jornet et al. (2007a, 2007b) for salmon fillets (range from 5.2 x
10710 t0 9.9 x 10710 m?%/s).

Certainly, the poor fit of the data to Fick’s second law
model suggest that the diffusion phenomenon has anomalous
behavior, given by its structure but also due to the presence
of pores. The analysis based on the anomalous model using
fractional calculus is summarized in Table 2 and presented in
Fig. 5B. The results showed a notable improvementin the fitted
data, with R? values over 0.97 and RMSE in the range of 0.094
to 0.206. The fractional component of time («) showed a sub-
diffusive behavior for all treatments. For treatments control
and MEF the values of a were around 0.90, however, for MEF-
micropores and micropores, the a values were ranged between

0.65 and 0.78, and the lowest values (« = 0.65) were obtained by
MEF-50% micropore depth and 50% micropore depth, which
suggests that the presence of pores caused an alteration of
the diffusant movement into the salmon tissue. This could
be caused by a stagnation phenomenon of brining solution
in the pore. In the case of MEF-100% micropore depth and
100% micropore depth, the o values were 0.74 and 0.78, respec-
tively, which suggests a similar phenomenon of sub-diffusion.
This can be the product of the conic shape at the end of a
pore entering the tissue, thus favoring this stagnation phe-
nomenon. In the case of MEF, reversible electroporation can
explain the value of a = 0.90.

Traditionally, the mean squared displacement is taken
as proportional to time, <x2>~t, in a diffusion process, as
described by Fick’s law of diffusion. However, in complex sys-
tems, as in biological materials, this situation does not hold,
and the dependence of the mean square displacement is
proportional to a power law in time, <x2> ~t*. Here,a < 1corre-
sponds to subdiffusion, « > 1 corresponds to superdiffusion,
and « = 1isFickian diffusion. The subdiffusion/superdiffusion
nature does not indicate that the process is faster or slower.
This nature is instead associated with the stochastic pro-
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Fig. 6 - Logarithmic salt content attained in samples of salmon along the brining process as modeled with: (A) Fick’s second
law and (B) anomalous diffusion model using fractional calculus.

cesses on a microscale such that subdiffusion suggests a
more dispersive pattern of diffusion and super diffusion a
more channeled pattern of diffusion (Klafter and Sokolov,
2005).

The above analysis can be enriched by the analysis of Dgg
and Ce attained by the modeling. The values of Deg in the
case of the control (8.15 x 1071 m?/s%°?) and MEF (8.26 x
1010 m?/s990) were similar, which is attributed to the time
exponent close to 1. For MEF-100% micropore depth and 100%
micropore depth, the Dgg values obtained were significantly
different. D was higher with both technologies simultane-
ously and even showed a synergistic effect with a D, value of
49.92 x 10719 m?/5%74 compared to micropores only where the
Dgr was 30.25 x 10~ m?/s%78. However, an interesting result
was obtained for MEF-50% micropore depth and 50% microp-
ore depth, where the D,s values were larger compared with
the rest of the treatments, with values between 102.28 x 10~1°
m?/s%® and 106.44 x 1071° m?/s%%> and reaching a Ce over
4.15%. The higher values of D can be attributed to the fact
that micropores of 50% depth are highly efficient during the
first moments of salting due to a saturation of the pore wall
with salt. However, as the process elapses, the solution of the
medium cannot penetrate to the pore. For this reason, 50%
micropore depth treatment up to 12 h presented low salt con-
centration, compared with the other treatments. At the end
of 24 h, an increment in salt content is produced by structural
damage due to the exposition time of salmon to the brining
solution.

With respect to the fit of the models, it is possible to observe
a significant difference between Fick’s second law and the
anomalous model when comparing the fit at the tails (end por-
tions of the curves) of the mass transfer process (Figs. 5A and
5B). This difference is especially evident in a logarithmic scale
(Figs. 6A and 6B). A Fickian diffusion approach is unable to sat-
isfactorily represent the process, as the concentration tends
towards the equilibrium salt concentration, independent of
the number of terms used in sum, which has been reported as
a limitation of Fickian diffusion (Simpson et al., 2013). Instead,
an anomalous model approach based on fractional calculus
successfully represents the findings, since it can be adjusted to
accommodate the whole process, including the “heavy-tailed”
kinetics (Simpson et al., 2013). These findings mean that cases
in which the kinetic evolution annot be represented by the
exponential kinetics associated to a traditional Fickian model.
The fractional calculus approach has been successfully used
in modeling the salting process in salmon (Nutiez et al., 2020).
For anomalous diffusion it is required the use of an additional
variable, fractional order «, together with fractional diffusion
to describe the process.

4, Conclusions

Both MEF and CO; laser microperforations are novel technolo-
gies that can be applied separately or together to accelerate
mass transfer in food matrices and to increase the yields of
the diffusant entrance. In the case of MEF, there were no differ-
ences in the D, i values with respect to the control. However,
the equilibrium concentration, Ce, was significantly increased.
With the application of CO, laser microperforations, both
Dess and the equilibrium concentration, Ce, were increased
in salmon samples after 24 h. When both technologies were
simultaneously applied, D, increased but not synergistically,
which can be explained by the microstructural limitations
related to cell structure and might determine the maximum
Degs value. Ce attained higher values due to the presence of
micropores because brining solution was retained even when
the samples were withdrawn from brining solution.

The mathematical analysis showed a good fit with the
anomalous model, for both MEF or microperforations, even
when both technologies were applied simultaneously. In all
cases, there was a sub-diffusive character given that all the
values of o were lower than 1.
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