Salting kinetics and salt diffusivities in farmed Pantanal caiman muscle!”
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Abstract — The legal Pantanal caiman (Caiman crocodilus yacare) farming, in Brazil, has been stimu-
lated and among meat preservation techniques the salting process is a relatively simple and low-cost
method. The objective of this work was to study the sodium chloride diffusion kinetics in farmed
caiman muscle during salting. Limited volumes of brine were employed, with salting essays carried at 3,
4 and 5 brine/muscle ratios, at 15%, 20% and 25% w/w brine concentrations, and brine temperatures of
10, 15 and 20°C. The analytical solution of second Fick’s law considering one-dimensional diffusion
through an infinite slab in contact with a well-stirred solution of limited volume was used to calculate
effective salt diffusion coefficients and to predict the sodium chloride content in the fillets. A good
agreement was obtained between the considered analytical model and experimental data. Salt diffusivities
in fillets were found to be in the range of 0.47x10° to 9.62x10'* m%/s.

Index terms: Caiman crocodilus yacare, mass transfer, meat, preservation, processing, brines.

Cinética de salga e difusividades de sal em carne de jacaré do Pantanal criado em cativeiro

Resumo — A criag@o de jacaré do Pantanal (Caiman crocodilus yacare) em cativeiro tem sido estimula-
da, e entre as técnicas de processamento de sua carne, a salga é um processo de conservagao relativamen-
te simples e de baixo custo. O objetivo deste trabalho foi estudar a cinética de difusao de cloreto de sédio
em carne de jacaré do Pantanal criado em cativeiro, durante a salga imida. Foram utilizados volumes
limitados de salmoura e os experimentos foram realizados com relagdes salmoura/mutsculo de 3,4 ¢ 5,
com concentragdes de salmoura de 15%, 20% e 25% em peso ¢ temperaturas de 10, 15 e 20°C.
A solug@o analitica da segunda lei de Fick, considerando difusdo unidimensional em uma placa infinita
em contato com uma solug@o bem agitada de volume limitado, foi utilizada para calcular os coeficientes
de difusao efetivos de sal e estimar o contetido de cloreto de sddio nos filés. Obteve-se boa concordéancia
entre o modelo analitico considerado ¢ os dados experimentais. As difusividades do sal nos filés ocorre-
ram na faixa de 0,47x10°a9,62x10"'° m?/s.

Termos para indexacdo: Caiman crocodilus yacare, transferéncia de massa, carne, preservacao,

processamento, salmoura.

Introduction

Pantanal caiman (Caiman crocodilus yacare) is
abundant in Brazilian states of Mato Grosso and
Mato Grosso do Sul and it is illegally hunted to skin
commercialization. As a consequence, many authori-
ties claimed that the caiman had been over-exploited
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in the Pantanal, generating pressure for a monitoring
program for caiman populations (Mouréo et al., 2000).

As an alternative to reduce the clandestine har-
vest, the legal caiman farming has been stimulated,
in such a way that the study and development of
processing techniques for the caiman meat are es-
sential in order to increase its commercial interest as
a complementary activity to the leather trade. The
salting process, which is a relatively simple, low-cost
method of meat preservation and could be employed
even in distant, hard to access places, such as the
caiman farms, would be a very interesting way of
processing the caiman meat and improving its po-
tential for human consumption. In a previous work,
supported by sensorial analyses, Romanelli (1995)
reported excellent acceptance for caiman salted meat.
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The wet salting is a specific modality of osmotic
dehydration, which is conducted by immersion in
concentrated salt solutions. Water loss and solid
uptake during osmotic dehydration has been mod-
eled by using the second Fick’s law. Most works
apply analytical solutions for one-dimensional mass
transfer based in laboratory studies carried out with
a large excess of agitated solution, so as to ensure
negligible variation in the solution composition and
to simplify involved calculations (Raoult-Wack,
1994). Romanelli & Felicio (1995) used the same ap-
proach to determine the effective diffusivity of salt
in caiman meat. Nevertheless, the management of
large volumes of solution is critical to the process at
industrial scale, leading to increased production
costs. On the other side, employing lower solution/
product volumetric relations, in spite of resulting in
significant changes in solution composition, could
make possible the adoption of a process control strat-
egy based on a mass balance (Medina-Vivanco et al.,
2002).

Knowledge of the diffusion rates is important
since it allows the accurate determination of the
necessary processing time, taking into account both
the final salt concentration and distribution inside
the product. Several works have been published on
mass transfer and salt diffusivities in meat and fish
(Guiheneufet al., 1997; Medina-Vivanco et al., 1998;
Sabadini et al., 1998; Teixeira & Tobinaga, 1998;
Wang et al., 2000; Chiralt et al., 2001). Salting of al-
ternative meats with a focus on the quality attributes
of the resulting products were also studied, as in the
works of Paleari et al. (2000), who evaluated the salted
and cured buffalo meat, and Zegeye (1999), who stud-
ied salted and smoked camel meat products. About
caiman meat salting, only the study of Romanelli &
Felicio (1995) and the work of Lopes Filho et al. (2002),
who determined sorption isotherms of salted caiman
meat, are available.

The objective of this work was to study the so-
dium chloride diffusion kinetics in farmed caiman
muscle during salting.

Material and Methods

Longissimus dorsi muscle samples were obtained from
farmed caimans (Caiman crocodilus yacare) weighing be-
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tween 20 and 22 kg. The meat was cut into fillets, parallel
to the muscle fiber orientation, with individual weight be-
tween 80 and 120 g. Their thickness and averaged width
were obtained by direct measurement with a digital cali-
per, being in the range 0f 0.51 to 0.65 cm and 15 to 20 cm,
respectively.

Experiments were carried out with brine concentra-
tions of 15%, 20% and 25% (w/w), at temperatures of 10,
15 and 20°C, and volume ratios of brine/muscle (VL/VS) of
3,4and>5.

Fillet densities, before salting and at different periods
after salting were measured by the liquid displacement
method, using toluene as the immersion liquid (Mohsenin,
1986). Brine densities were measured by means of a pyc-
nometer at 25°C.

Fillets were weighed and placed inside flasks of 500 mL
containing brine at a predetermined volume, temperature
and salt concentration. Flasks were then maintained in a
refrigerated orbital agitator, removed at different time in-
tervals, when brine was drained and weighed, and fillets
were dried with absorbent paper, weighed and ground.
Three aliquots of muscle were taken out to determine
moisture content and two aliquots for salt content, esti-
mated as the ash contents in muftle furnace at 550°C. Two
aliquots of brine were taken to measure salt content.

The muscle moisture content was determined by dry-
ing to constant weight in vacuum oven at 68°C to 72°C
(AOAC International, 1997). The salt content was ob-
tained according to the Mohr’s method (James, 1995).

The governing equation for the unsteady-state one-
dimensional diffusion in a plane slab was given by the
second Fick’s law, also called the diffusion equation, and
the analytical solution of the stated problem was given by
Crank (1975) as:

2
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where M is the total amount of solute in the solid at time t;
M _, isthe corresponding quantity at equilibrium; L is half
of'the slab thickness and q, are the non zero positive roots
of the equation

tan (n = -0, (2)
where tan is tangent.

In order to adjusting equation (1) to experimental data
and to obtain effective diffusivity values, it was necessary
firstly to determine parameters m, o, and qy,.

The partition coefficient, m, was determined based on
equilibrium conditions. The equilibrium sodium chloride
contents in the muscle at different experimental condi-
tions were obtained by adjusting equation (3), presented
by Azuara et al. (1992), to experimental curves of salt
content versus time.
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In equation (3), M; (% w/w, wet basis) represents the
average salt content of muscle at time t; 3 is an adjustable
constant related to the rate of incoming of soluble solids to
the foodstuff, and M _, is the extrapolated salt concentra-
tion at equilibrium (% w/w, wet basis).

To convert weight concentrations (M _, ) to volumetric
concentrations (Ci ), it was necessary to use the muscle
densities at the equilibrium (pi ). These values were ob-
tained by extrapolating experimental data of muscle den-
sity versus moisture content to the equilibrium moisture
content, which in turn was determined by extrapolation of
an experimental curve of muscle moisture content versus
time.

Similarly, the equilibrium salt contents in brine (C.)
were obtained by extrapolating the experimental curves of
brine salt contents versus time and brine densities versus
salt content.

Once the partition coefficient had been calculated for
each experimental condition, parameter oo was obtained
by means of equation (4) (Crank, 1975):
vt
VS ’ 4)
where VL and VS are the solution and solid volumes, re-
spectively, and the parameter m is the partition or distri-
bution coefticient. This coefficient accounts for the differ-
ences between the interfacial solute concentrations within
the solid and in the solution, and is defined as (Wang &
Sastry, 1993):

CL =mCS. ®)

In the above equation C- and C2 are the volumetric
solute concentrations (in g NaCl/cm?) in the solution and
solid, respectively, at the equilibrium. Measuring values
of C'; and Ci for specific experimental conditions per-
mits evaluation of the equilibrium partition coefficient.

Finally, the effective diffusivities were obtained by a
non-linear adjustment of the first six terms of the series
corresponding to equation (1), which was performed by
using the software Statistica (StatSoft Inc., 1995).

t

a=m

Results and Discussion

Muscle density increased with decreasing mois-
ture content, which is supposed to be due to the salt
gain that accompanied water loss (Figure 1). Volume
of NaCl molecules would had limited the extent of
muscle shrinkage, in an effect already pointed out
by Eichler et al. (1997) who studied shrinkage of hy-
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drophilic gels during dehydration. A linear regres-
sion of experimental data is represented by equa-
tion (6), which resulted in a good determination co-
efficient (R? = 0.993);

p°=1.728 - 0.846X°, ©)

In equation (6) muscle density (pS) is given in
g/cm?, while X8 is the muscle moisture content in
% w/w (wet basis).

A fast increase in the muscle salt content was
observed in the first ten hours of the process, fol-
lowed by a slower increasing until equilibrium has
been attained (Figure 2). Faster salt gain at the first
hours of salting process is due to a larger concentra-
tion gradient between brine and muscle. This gradi-
ent is probably reduced with time elapsing as a con-
sequence of a high salt content layer that is formed
on the muscle surface and acts as a barrier against
further salt uptake (Mujaffar & Sankat, 1998).

As expected, the rate of solute gain increased with
increasing temperature, mainly when temperature
changed from 10°C to 15°C (Figure 2). At 10°C the
salt equilibrium content in the muscle was not reached
even after 60 hours of immersion in brine. Neverthe-
less, at 15°C and 20°C only about 30 hours were nec-
essary for caiman muscle reaching equilibrium with
brine, attaining a salt content of about 11% (w/w,
wet basis). According to Chiralt et al. (2001), higher
temperatures affect not only the rate of diffusional
phenomena but also the viscoelastic properties of
solid matrix, with a softening of the structure accom-
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Figure 1. Density of Pantanal caiman muscle as a func-
tion of moisture content.
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panying the temperature increase. An additional posi-
tive effect in salt gain rates could arise from the re-
ducing brine viscosity at higher temperatures.

A marked influence of the brine initial salt con-
centration was observed in the salt uptake of caiman
muscle (Figure 3). Chiralt et al. (2001) pointed out that
brine concentrations determines the salting driving
force associated with diffusional mechanisms and
thus process times. Also the use of limited brine
volumes affected the total amount of salt available

NaCl in muscle (% w/w, wet basis)

0 10 20 30 40 50 60
Period after salting (h)

Figure 2. Effect of temperature (20°C: l; 15°C: O;
10°C: ¥) in the salt uptake by Pantanal caiman muscle at
brine initial salt concentration of 15% w/w and at brine/
muscle volume ratio equal to 3.
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.2.%

12

w/w, wet basis)

o 5
1 1

NaCl in muscle (%
(=]

0 10 20 30 20 50 60
Period after salting (h)

Figure 3. Effect of brine initial salt concentration (15%
w/w: B, 20% w/w: O0; 25% w/w: O) in the salt uptake
by Pantanal caiman muscle at 20°C and brine/muscle vol-
ume ratio equal to 3.
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for penetrating the solid, which in turn affected the
final salt concentration of caiman muscle.

The volume ratio of brine/muscle showed a small
effect on the final salt concentration of muscle (Fig-
ure 4) and almost no effect on the initial rate of salt
gain, as it is verified from the coincidence of the three
curves at the first hours of process. Medina-Vivanco
et al. (1998) observed a similar behavior in fish muscle
oftilapia.

The influence of the tested variables on salt up-
take by caiman muscle is clearly seen in Figure 5,
where the salt content of muscle after 60 hours in
brine immersion was plotted against brine initial con-
centration and temperature (Figure Sa), and brine ini-
tial concentration and brine/muscle ratio (Figure 5b).
Statistical analysis indicated that the linear effects
of the three tested variables were significant at a
95% confidence level. As it was already detected,
increasing brine initial concentration caused a great
increase in salt gain, while higher temperatures and
brine/muscle ratios had only a slight positive effect
in the salting process (Figure 3).

Results of salt effective diffusivity coefficients
calculated for caiman muscle were found to be be-
tween 0.47x1071%and 9.62x10719 m2/s (Table 1). This
order of magnitude is comparable to results reported
in literature for salt diffusion in meats and fish. Gros
etal. (1984) presented a compilation of effective
diffusivities of CI- ions in pork and beef, which fell in

NaCl in muscle (% w/w, wet basis)
T . 2.%

N
P

o

0 10 20 0 2 50 60
Period after salting (h)

Figure 4. Effect of brine/muscle volume ratio (3: O;
4: A; 5: W) in the salt uptake (20°C, brine initial salt
concentration of 15% w/w) by Pantanal caiman muscle.
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the range of 1.5x1071% and 4.7x10°1 m?/s at various
salt conditions. Chiralt et al. (2001) studied the effect
of vacuum in salting of beef and salmon and found
effective diffusivities between 0.139x10-1% and
4.15x10719 m2/s with and without vacuum application.
Wang et al. (2000) also presented diffusivity values
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=
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NaCl uptake (%o w/w, wb)
=
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Figure 5. NaCl content in Pantanal caiman muscle after
60 hours in brine as function of: initial brine concentration
and temperature (a) and initial brine concentration and
brine/muscle volume ratio (b).
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for salt in different fish muscles, which varied from
0.286x10719and 14.5x10719 m%/s.

Effective diffusivities decreased with decreasing
temperatures (Table 1) as expected in view of curves
presented in Figure 2. Initial brine concentration also
played an important role in mass transfer rates, caus-
ing diffusion coefficients to be lower at lower initial
salt contents in brine. The less important effect came
from brine/muscle ratio, since diffusivities were simi-
lar for the same values of temperature, initial brine
concentrations, but different brine/muscle ratios.

Table 1. Effective diffusivity and activation energy at dif-
ferent brine/muscle ratio, initial brine concentration and
temperature during salting of Pantanal caiman meat(!.

Initial brine Temperature Effective Activation
concentration (°C) diffusivity x10™®  energy
(% wiw) (m?ls) (k¥mol)

Brine/muscleratio 3
20 9.62

25 15 6.10 79.40
10 3.04 (0.999)
20 7.29

20 15 4.42 99.32
10 1.73 (0.987)
20 5.34

15 15 2.86 168.13
10 0.47 (0.966)
Brine/muscleratio 4
20 8.90

25 15 6.12 64.68
10 3.50 (0.994)
20 7.21

20 15 4.69 78.61
10 2.32 (0.990)
20 5.68

15 15 3.38 108.94
10 1.18 (0.981)
Brine/muscleratio 5
20 8.42

25 15 6.26 56.99
10 3.70 (0.987)
20 7.33

20 15 4.78 7141
10 2.62 (0.995)
20 5.92

15 15 3.78 89.18
10 1.63 (0.985)

(DNumbers in brackets correspond to determination coefficient (R?) of ac-
tivation energy data with significance level (P) of 5%.
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The temperature dependence of water effective
diffusivity at the tested salting conditions could be well
represented by an Arrhenius type model given by

-E
Dyt :Doexp{ RTaj, 0

where Dy is an adjustable constant, E, is the activa-
tion energy for the salting process, R is the ideal gas
constant (8.134 J/mol K), and T is the absolute tem-
perature. A linear regression procedure applied to
In(Degr) against (1/T) permitted to calculate the pa-
rameters Dy and E, for the different salting condi-
tions. Table 1 presents the values of the activation
energy as well as the corresponding determination
coefficients and Figure 6 shows that salt diffusion
coefficients are function of temperature and brine
initial salt concentration (brine/muscle volume ra-
tio = 3), illustrates the adjustment of equation (7) to
experimental data.

Considering that equation (7) is an empirical
model, the magnitude of the activation energy is an
indication of the temperature influence on the pro-
cess. In this way the temperature influence increased
as the brine/muscle ratio and initial brine concentra-
tion decreased. This is an indication that when there
is an excess of salt available for penetrating the
muscle, the temperature assumes a secondary role in
the process. Nevertheless, as the amount of salt de-
creases, temperature starts to be an important factor
for accelerating the process.

1.00x10Y

8.00x10™%]

6.00x10"%]

4.00x10"%|

Effective diffusivity (m%/s)

2.00x10"%|

0.00 T T T T T T 1
3.40x10° 3.42x10°® 3.44x10° 3.46x10° 3.48x10°® 3.50x10° 3.52x10° 3.54x10°®

UTemperature (K™)

Figure 6. Effective diffusion coefficients of NaCl as a
function of temperature and brine initial salt concentration
of 15% w/w (H), 20% w/w (O) and 25% w/w (A), at
brine/muscle volume ratio equal to 3, in Pantanal caiman
meat. Solid lines indicate data adjustment to Arrhenius
type equation.
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Conclusions

1. The analytical solution of second Fick’s law
considering one-dimensional diffusion in a thin slab
from a well-stirred solution of limited volume pre-
sents a good agreement with the experimental data.

2. The salting process of caiman muscle is greatly
influenced by the initial brine concentration and, in a
lesser extent, by temperature and brine/muscle vol-
ume ratio.

3. Salt effective diffusion coefficients are in the
range 0f 0.47x10719 and 9.62x10-'° m?/s and are well
correlated by an Arrhenius type equation.
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