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Abstract

Salting and subsequent curing are part of the traditional processing method used in the meat and fish industry. Different preserving
agents (sodium chloride, nitrite, nitrate, among others) are added in this process. Nowadays, more attention is paid to the amount of salts
added and the salting time employed. For this reason, it is important to know the factors governing salt penetration and the most
convenient process conditions. The transfer mechanism of the salts through the structure is an interesting aspect in meat and fish
processing technology. Mathematical models are the best way to discover the factors, which govern this process, which may represent
and explain the observed data and predict the behaviour under different conditions. The objective of this review is to describe the use of
the mathematical models to simulate meat and fish salting and the benefits derived from their use. Most of the models used to describe
the salting process are diffusional, based on Fick’s second law, although empirical ones are also used. For modelling purposes a good
description of the experimental results should be guaranteed. The complexity of the model will depend on the objective to be reached and
will be analysed in each case.
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Revision de modelos matematicos para describir el salado de
alimentos

Resumen

El salado y posterior curado forman parte del procesado tradicional de conservacion de carne y pescado. En €l se afiaden diferentes
conservantes (cloruro sodico, nitritos, nitratos, entre otros). En la actualidad se estd aumentando el control sobre la cantidad de sales
afiadidas y el tiempo de salado. Por ello es importante conocer los factores que controlan la penetracion de sal y las condiciones de
proceso mas adecuadas. Los mecanismos de transferencia de las sales en el solido son aspectos muy interesantes a considerar en las
industrias de procesado de carne y pescado. Los modelos matematicos son la mejor manera de conocer los factores controlantes en estos
procesos. Estos representan y explican los datos observados y predicen el comportamiento bajo diferentes condiciones. El objetivo de
este trabajo es describir el uso de modelos matematicos para similar el salado de carne y pescado y los beneficios derivados de su uso. La
mayoria de los modelos utilizados para describir el proceso de salado son difusionales, basados en la segunda ley de Fick, aunque
también son utilizados los modelos empiricos. Para propdsitos de modelizacion debe ser garantizada una buena descripcion de los
resultados experimentales. La complejidad del modelo dependera del objetivo a alcanzar sera analizado en cada caso.
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1. Introduction

The process of salting is traditional in the meat and fish
industry. Sodium chloride is an essential ingredient of
salting that provides different functionalities: providing
flavour, solubilizing proteins, dehydrating and altering
osmotic pressure so as to inhibit bacterial growth and
subsequent spoilage. Nitrate and nitrites are also added to
the meat in this process. They are basic ingredients in meat

products. Nitrates, which are reduced to nitrites by bacterial
action, produce an antimicrobial effect, while nitrites inhibit
the growth of Clostridium botulinum and, thereby, the
formation of the neurotoxic proteins. Nitrites also contribute
to the development of flavour in cured meat products and
are responsible for the formation of the characteristic
pink/red colour in cured and smoked products. Over the last
few years, changing consumer demands and increasing
global competition have led the meat sector to embrace new
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ingredient systems and new processing technologies. In the
case of curing salts, consumers are demanding healthier
products that are low in salt. The use of salts in meat is seen
to be a cause of the increased risk of chronic diseases, such
as obesity, cancer and strokes [1]. In this regard, what has
been proposed is the control of and reduction in the level of
salts added to meat products. Likewise, it is also important
to increase knowledge about the reactions that take place
and the process conditions.

It is essential to carry out an exhaustive control of the
salting process in order to develop high quality fish and
meat products. This involves a good distribution of the salts
in the product and an estimation of the salting time. In order
to control both aspects, it is important to know the main
factors governing salt penetration. The transport phenomena
involved in salting, defined by salt and water transfer, are
complex and depend on aspects such as brine concentration,
temperature or pH, among other things. One of the best
ways to gain knowledge of the factors governing this
process is the use of mathematical models, which may
represent processes, explain the observed data and predict
the behaviour of the process under different conditions [2].
This paper presents a review of the development and use of
mathematical models describing mass transfer during the
salting and curing of meat and fish.

2. The salting process

Meat and fish are traditionally preserved by being
treated with salts, such as sodium chloride, sodium nitrite
and sodium nitrate. Salt reduces water activity and lends
specific organoleptic and sensory characteristics to the
products. The forms of adding salts differ depending on the
final product to be obtained. Salting is performed either by
dry, brine or injection salting or a combination of these
methods.

Traditional dry salting consists of covering or rubbing
the raw material with solid salt; this is partially dissolved
and drained during the process by fluid effluent from the
product as a consequence of the osmotic and diffusional
mechanisms [3].

Brine salting is based on the immersion of the meat or
fish pieces in a water and salt solution. In dry and brine
salting, counter current salt and water mass transfer take
place between the brine (or dry salt) and the meat. Barat et
al. [3] did not find any significant differences between these
two processes in terms of the physicochemical and sensory
parameters, but noted that dry salting is more favourable to
dehydration, while brine salting favours the entry of salt.
However, brine salting has several advantages over dry
salting, including shorter processing times due to higher salt
uptake and higher weight yields due to a better control over
the rate of salt uptake and water loss in the muscle [4-6].

Injection-salting is a method that also introduces salt
into the muscle tissue, but differently from dry and brine
salting. In this case, the brine is forced to distribute itself
into the muscle tissue through an injection system.
Likewise, over the last few years, various technologies have
been tested for the purposes of accelerating the penetration
of the salt in the food, such as massage, ultrasound,
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centrifugation, vacuum, freezing, electric current, pressure
and alternating pressure and vacuum [7].

Salting changes the composition and structure of the
tissue and the extent of these changes may affect the mass
transfer kinetics and sensorial properties of the final
product. The gradual increase of salt concentration in the
meat muscle leads to changes in its functional properties.
All of the salting procedures bring about the salt saturation
of the liquid phase of the products. Proteins are strongly
aggregated at high salt concentrations, leading to a
reduction in the water holding capacity of the muscle [8].
This implies a strong bond between water and salt and the
concurrent dehydration of the protein [9].

Two main simultaneous flows are usually generated
during salting, water loss and salt uptake. Salt ions diffuse
through the aqueous phase of the product, which is
distributed by means of a complex network of microscopic
channels within the dry matter matrix. At the same time, the
liquid phase of the product does not remain constant when
the salt is dissolved in it. Water molecules migrate outside
the product, which causes resistance to diffusion [10].

Salt diffusion is related to the change between the salt
concentration in the interior of the food and that in the
external brine solution, where the mass transfer rates do not
cease until equilibrium is reached. Equilibrium is the end of
the diffusion process, that is, when the net rate of mass
transfer is zero. The diffusion rate necessary to reach
equilibrium depends on the concentration gradient
(chemical potential) between the brine and the product.
During salting, a marked increase in the concentration of
salt in the muscle may be observed in the first few hours
due to the large concentration gradient at the beginning of
the process. Likewise, a great decrease in moisture in the
muscle can be observed [11]. Thereafter, the diffusion
decreases until the equilibrium concentration is reached
[12].

3. Modelling of salting process

Mathematical modelling has become a common practice
when analysing the salting phenomena due to the cost and
time involved in experimental studies [13-16]. These
models usually contain a food system description and the
mechanisms and rate equations of changes. Models can be
used to improve the understanding of the process dynamics
and to develop a control strategy for a new process [13].
The complexity needed in a model depends on the objective
to be reached. In general, the simpler the model, the easier
its mathematical solution. Nevertheless, the model
equations must be a good approximation to the real process
[17]. The models can give realistic representations of a
process, explain the observed data and predict the behaviour
under different conditions [18]. These can be used for
process optimization, for example to reduce the cost of the
process or the processing time without the need to carry out
experiments. However, models are an approximation to
reality, which may not provide an accurate description of
the system resulting in poor prediction. Moreover,
simulation using complex models can require the use of
complex mathematical algorithms, which can increase the
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calculation time. Models can be classified as theoretical and
empirical. Theoretical models are developed using the
principles of chemistry, physics and biology. Theoretical
models are derived from mass and energy balances. Among
the theoretical models that have been applied to mass
transfer, the diffusional ones are the most widely used. For
this reason, they are explained in detail in section 3.1. In
section 3.2, the empirical models are presented.

3.1. Diffusional models

Diffusion is the predominant transport mechanism
involved in salting. It is a spontaneous phenomenon of mass
transfer caused by the random motion of the molecules
under a concentration gradient. For the purposes of
modelling the diffusion in salting processes, authors
commonly consider water diffusion and salt diffusion
separately [12,14,15].

The key equation describing diffusion is Fick’s second
law (Equation 1).
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Eq. 1 is based on the hypothesis that the transfer rate of
a diffusing substance through a unit area is proportional to
the concentration gradient measured normally to the section
[19]. Diffusion alone does not usually occur. For this
reason, the calculation of an effective diffusion coefficient
that covers all real phenomena can be useful [2].

Effective diffusivity is a property that determines the
velocity of mass propagation through the material. In the
case of salting, this property defines the penetration velocity
of salt and water loss in a food [20]. The estimation of this
property allows both the mass flux and the processing time
to be predicted or controlled [9].

The analytical solutions of Fick’s diffusion equation for
predicting D in salting for classical geometries has been
widely used for different geometries: planar with transport
in one direction (Equation 2), cylindrical (Equation 3),

spherical (Equation 4), and parallelepipedic with
multidirectional transport (Equation 5) [11,16,21-32].
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The solution of these equations depends on the boundary
conditions. The number of boundary conditions required is
determined by the order of the highest derivatives appearing
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in each independent variable in the governing differential
equations. Thus, a transient process governed by a first
derivative respect to time will require one boundary
condition related to this variable, usually one initial
condition. The initial condition refers to the distribution of
salt at the beginning of the salting process. For example, for
a slab geometry it can be expressed as (Eq. 6).
Clx,t) =C(x,0)=(; (6)

Eq. 6 indicates that at the beginning of the salting
process the total salt concentration in the product is the
same and equal to the initial concentration.

Since the governing equation for each spatial dimension
is of the second order, two boundary conditions are needed
for each dimension. A symmetry condition and a surface
condition are usually formulated. For an infinite slab, the
symmetry condition is expressed in equation 7. Generally
speaking, a symmetry condition must be formulated for
each spatial dimension.

0C@ 1) _0CO0 _

Ox Ox ™

As regards the surface condition, two considerations can
be made depending on whether the external resistance to
mass transfer is negligible or not. If the external resistance
to mass transfer is negligible, it is assumed that the
equilibrium concentration of salt is reached on the surface
of the solid from the beginning of the process. This
condition is expressed by equation 8 for an infinite slab of
thickness, 2L.

t>0-C(Lt)=C, ®)

The industrial salting process is not carried out under
conditions of strong agitation. For that reason, the external
resistance to mass transfer can sometimes be considered. In
this case, a mass transfer coefficient (k¢) is included in the
surface boundary condition. Equation 9 shows the surface

condition under this hypothesis for an infinite slab of
thickness, 2L [25].

aC(L,t)
De ox

= kc(C - Cif) 9)

Previous diffusion equations (Egs. 2 to 5) took into
account the local concentration of salt in the sample. Since
the experimental values are determined as average
concentrations, these equations are integrated to calculate
the average salt content of the sample and to model the
average concentrations in order to compare the experimental
and calculated results.

Mass transport phenomena during salting can be
assumed as the diffusion of ionic species in a
multicomponent electrolyte solution. Mass transfer in
electrolytic solutions requires a description of the movement
of mobile ionic species, material balances, current flow,
electroneutrality and fluid mechanics. Solutes do not diffuse
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independently; a diffusion potential is established and ions
interact with it [9]. Thus, the description of the process by
means of the generalized Stefan-Maxwell equation [33] is
more rigorous than that achieved using the previously
described Fick equation [34].

Pinotti et al. [9] analysed the effect of NaCl
concentration on the diffusion coefficients of NaNO: and
KNOs in pork meat. They applied the Stefan-Maxwell
theory in electrolyte solutions to calculate the diffusion
coefficients. Costa-Corredor et al. [34] simulated
simultaneous water and salt diffusion in dry fermented
sausage by means of the generalized Stefan-Maxwell
theory. They converted this equation into the
multicomponent Fick equation for the simulation.
Pakowski et al. [35] simulated the evolution of water and
salt profiles during the dry curing of Spanish ham in a
similar way.

3.1.1. Factors influencing diffusion

The diffusion of salt and water in meat is influenced by
several factors. These factors can be used as implicit
functions in models [36].

3.1.1.1. Water content

Since water is the main component of meat and fish, the
interaction between water molecules and  other
macromolecules determines the water retention capacity
[37]. Water retention capacity is an important factor in the
diffusion of salts during the salting process, inasmuch as
salts—due to their high degree of solubility—are mobilized
into the aqueous phase of meat and fish [38]. Thus, the
transport rate of salt falls as the water content of food
decreases during processing [20,39].

3.1.1.2. Brine concentration

The rates of salt and water diffusion are positively
correlated with the increasing salt concentration of the brine
[40]. Different authors have studied the influence of brine
concentration on the salt and water diffusion coefficients in
meat from multiple regression models [41-43]. Corzo and
Bracho [23] modeled the effect of salt concentration and
temperature on the water diffusion coefficient of sardine
sheets. They used a multiple linear regression to fit the
diffusion coefficient as a function of absolute temperature
(1/T) and brine concentration (C).

3.1.1.3. Meat fibre direction

The influence of meat fibre direction on the diffusion of
salt and water in salted products has been widely studied
[24, 36, 44-46]. All of these studies have found that both
salt and water diffusion behave in an anisotropic way in fish
and meat muscles. For instance, Gisbert [45] studied the
salting of pork loin and found a higher salt and water
diffusivity when the diffusion occurred parallel to the meat
fibres.
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3.1.1.4. Operating temperature

The diffusivity is significantly affected by temperature.
An increase in temperature raises the thermal energy of
molecules, leading to an increase in their diffusion rate.
[9,23,28]. Thus, the relationship between salt and water
diffusivity and temperature is generally described by the
Arrhenius equation (Eq. 10).

p. = Doy (- 7 (10)

3.1.1.5. Shrinkage

During salting, moisture loss leads to the tightening of
the solid structure of the product and local shrinkage.
Isotropic shrinkage is when the dimensions of the product
change in equal proportions in every direction. Clemente et
al. [47] found a linear relationship between the quotients
“radius/initial radius” and “volume/initial volume” and the
moisture content for the drying of salted pork meat. Other
relationships were described by Comaposada [48] to
determine the effect of shrinkage on water diffusion in the
salted muscle of pork ham, and by Corzo and Bracho [49] to
determine the shrinkage of salted sardine sheets.

3.1.1.6.pH

The pH of the meat has a significant effect on the
diffusion of curing salts and water because this factor
controls the water retention capacity. Studies by Cierach
and Modzelewska-Kapitula [50] on salted pork meat, show
that meat with low pH values, from 5.4 to 5.5 (PSE meat,
Pale Soft and Exudative), reached a higher concentration
and achieved a greater salt diffusion compared to meat with
high pH values of between 6.2 and 6.8 (DFD meat, Dark,
Firm and Dry). Arnau et al. [51] studied the effect of pH on
the salt content in hams obtaining similar results.

3.1.2. Improvement of diffusional models

Several aspects are important in the development of better
models with which to describe the salting process. One of
them is the precise measurement of the salt and moisture
content at every point of the food and its surroundings during
processing [11]. In this direction, the greatest advances have
been made by using non-destructive testing methods, such as
X-ray tomography, ultrasounds and NMR [31,52-54]. Another
aspect is the adequate thermodynamic definition of the food
and its surroundings [55], identifying the components, phases
and driving forces that exist, both in pile and brine salting
processes. In the same fashion, an adequate resolution of the
rigorous equations allows a better approximation of the
models with which to describe the real process. Assuming
constant diffusion coefficients, regardless of the time, distance
or food composition, and that the external resistance to mass
transfer is neglected [25], facilitates the solution of the model.
Nevertheless, sometimes this means that the model does not
provide close fitting results [56].
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3.2. Empirical models

Empirical models are obtained by fitting experimental
data; thus, these models only describe systems under
specific conditions. Empirical models present some
advantages, such as the ability to model water losses and
solid uptake, as well as the physical-chemical and sensory
properties of the food material. These models ignore the
internal resistance to mass transfer, for which reason they
are limited to obtaining a general expression of the mass
transport phenomena experienced during the process [57].
Shi and Le Maguer [58] described some important aspects
related to the application of these models. There are several
empirical equations used to model the mass transfer kinetics
during salting, which are useful for the purposes of
optimizing the process itself. Although not derived from any
physical laws or diffusion theories, their application during
the study of salting kinetics has been demonstrated.

3.2.1. Azuara’s model

Azuara et al. [59] proposed a model, which avoided the
limitations of Fick’s diffusion model for practical purposes,
and succeeded in predicting mass transport during osmotic
dehydration accurately [60]. Both water loss and salt uptake
are modelled. This model can be written as:

1 t

kAw We We

‘ 11
= (an
Similarly, for solid uptake, it can also be written as:
t 1
S kusSe

t
4+ —
Se

(12)

This model does not consider the size, shape and
structure of the material. Its greatest advantage is that
equilibrium does not have to be reached in order to predict
water loss and salt gain.

3.2.2. Peleg’s model

Peleg’s model [61] is a two-parameter model widely
used in food processing. The linearized equation for water
loss is:

t —
X—X,

ky =kt (13)

Similarly, for salt uptake, Peleg’s model can also be
written as:

t

=y + kyt
XS_XSO 3 *

(14)

Corzo et al. [60] applied Peleg’s and Azuara’s models for
the purposes of describing mass transfer during pile salting of
goat meat sheets using different mixtures of NaCl, KCl, CaCl»
and MgCl. High coefficients of determination and low mean
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relative errors indicated that both models are able to represent
the moisture loss and salt uptake during pile salting. The
equilibrium moisture and salt contents estimated by Peleg’s
model were lower than those estimated by Azuara’s model.

3.2.3. Zugarramurdi and Lupin’s model

This mathematical model is an exponential approach to
the equilibrium value of sodium chloride and water
concentrations. The acceptability of the model has been
verified through experiments on various fish species. The
authors concluded that the behaviour of the system under
consideration is general and may be applied to any species
[62-64]. The equations for the model are equation 15 for
water loss and equation 16 for sodium chloride uptake.

X = Xyoexp(—kz,t) + X, (1 —exp(—kz,t)) (15)

Xs = XSO EXP(_stt) + Xse(l - eXp(_stt)) (16)

Corzo et al. [65] considered applying Zugarramurdi and
Lupin’s model during the pile salting of goat meat sheets in
order to study not only the equilibrium, but also the kinetics of
the process. A good agreement between the experimental and
calculated results was obtained. Chabbouh et al. [14] applied
both Zugarramundi and Lupin and Peleg’s models for the
description of water exudation and salt uptake by beef meat.
Both models displayed a good fit to the experimental data for
sodium chloride uptake and water exudation. Bellagha et al.
[62] used Zugarramundi and Lupin’s model in the modelling of
the salting kinetics of sardine. They obtained good agreement
between the experimental values and those calculated by
means of the model for both brine and dry salting.

4. Conclusions

Using models to describe meat and fish salting is highly
useful for industrial purposes; for example, in the prediction
of the salting time and the brine concentration necessary to
reach a certain salt concentration in a piece of meat or fish.

The diffusion of salt and water in meat and fish is
influenced by several factors. It is necessary to develop
mathematical equations, which take all of those aspects and
the physical properties into account in order both to
improve our understanding and to describe the salting
kinetics adequately.

Most of the models used to describe the salting process are
diffusional, based on Fick’s second law. In the case of salting,
the most commonly applied equations are diffusional for
regular shapes. In order to improve diffusional models,
additional details of the physical and chemical processes that
take place during salting should be incorporated. Other models
used for salting are the empirical ones, such as Azuara’s
model, Peleg’s model and Zugarramurdi and Lupin’s model.

The level of complexity needed in a model depends on
the objective to be reached. In general, the easier the model,
the easier is its solution. Nevertheless, a good description of
the experimental results should be guaranteed. For this
reason, the model to be used will be analysed in each case.
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Nomenclature
C  Moisture or salt concentration kg/m?
C;  Initial concentration of salt or water kg/m?
C. Equilibrium concentration of salt or kg/m’
water
Cy  Concentration of salt or water in the brine  kg/m?
D.  Effective diffusivity m?/s
Dy Pre-exponential factor m%/s
E.  Activation energy kJ/mol
kas  Azuara’s model parameter s!
kaw  Azuara’s model parameter s!
ke Mass transfer coefficient m/s
kze Zugarramurdi and Lupin’s model s’
parameter
kze  Zugarramurdi and Lupin’s model s’
parameter
ki Peleg’s model parameter s(g water/g dry
matter)’!
k2 Peleg’s model parameter (g water/g dry
matter)”!
ks Peleg’s model parameter s(g salt/g dry
matter)”!
ks Peleg’s model parameter (g salt/g dry
matter)’!
L Semi-thickness of a slab m
R Constant of perfect gases 8.31 J/molK
r Radial coordinate m
s Salt content g salt/g initial
sample
Se Equilibrium salt content g salt/g initial
sample
T Temperature K
t Time s
w Moisture content g water/ g
initial sample
we  Equilibrium moisture content g water/ g
initial sample
X Moisture content g water/ g dry
matter
X.  Equilibrium moisture content g water/ g dry
matter
Xs  Salt content g salt/ g dry
matter
Xie  Equilibrium salt content g salt/g dry
matter
Xso  Initial salt content g salt/ g dry
matter
Xo  Initial moisture content g water/ g dry
matter
X Cartesian coordinate m
y Cartesian coordinate m
z Cartesian coordinate m

Source: The authors
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