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FOOD SCIENCE AND TECHNOLOGY INTERNATIONAL

Article

Determination of the moisture sorption behavior
of osmotically dehydrated mackerel fillets by means
of binary and ternary solutions

Silvina Paola Agustinelli’, Viviana Olga Salvadori® and
Maria Isabel Yeannes?

Abstract

In this study, the moisture sorption isotherm of osmotically dehydrated mackerel fillets (Scomber japonicus)
was experimentally determined. The fillets were osmotically dehydrated with solutions of salt (NaCl) (120 and
180 g per liter of solution) or in combination with sugar (350 to 7009 per liter of solution). The sorption
isotherms were determined using the static gravimetric methodology with six salts for the water activity
range of 0.33-0.98 at 5°C and 25°C. All the sorption curves were found to be type lll. Temperature and
the final tissue salt content had significant (p < 0.05) effects on the sorption isotherms. A regression program
was used to fit the Halsey, Oswin and Smith moisture sorption isotherm models. Oswin equation gave the
best fit for the whole range of water activity and temperatures. The Smith equation only presented valuable

results for the mackerel fillets samples with the higher salt content.
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INTRODUCTION

Traditional fish processing techniques (salting, smok-
ing, marinating) had in common an immersion stage
in concentrated solutions with different solutes like
salt, sugar and acids among others or in direct contact
with them (dry salting). Osmotic dehydration (OD) is
characterized by a fairly complex mass transfer process
(Yao and Le Maguer, 1996). Different salts and sugars
can be used alone or in mixtures as dehydrating agents
in OD processes. The benefit of using these mixtures
instead of using only salt has been demonstrated by
Collignan and Roult-Walk (1994) in dewatering and
salting cod and by Medina-Vivanco et al. (2002) in
OD of tilapia fillets. By using sucrose it is possible
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to reduce solute gain and allow further dehydration.
The sucrose remains as a solution, thus limiting salt
uptake, increasing the concentration gradient between
the food and the solution and promoting water release
(Collignan et al., 2001).

The product obtained after the OD process presents
certain microbiological and sensorial stability that
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depends on the water content available for biochemical
reactions and microbiological growth. This can be esti-
mated by the water activity (a,,) value. With the intro-
duction of the a,, concept, it is possible to describe the
relationship between a, and food moisture content,
that is, the moisture sorption isotherm (Barbosa-
Canovas et al.,, 2007). The knowledge of sorption
isotherms is of great importance for the design and
optimization of processing and storage of dried or
intermediate moisture content products (Delgado and
Sun, 2002). According to the shape of these sorption
curves, they are divided into five general types within
the classification made by Brunauer et al. (1940) for
different materials.

Due to the complex food composition, theoretical
prediction of water sorption isotherms is difficult, and
many times sorption data are determined from experi-
mental data. However, several theoretical models have
been studied and developed by many authors to repro-
duce the sorption behavior as an approach to reality.
Boquet et al. (1978) and Chirife and Iglesias (1978)
classified these correlations (logarithmic or power
ones) to describe the isotherms of food and food prod-
ucts. The Halsey (Iglesias and Chirife, 1976) and Oswin
(cited by Boquet et al., 1978) equations were recom-
mended as the best fit for the meat group. Hadrich
et al. (2008) and Guochen et al. (2009) obtained good
results with the Oswin model describing accurately the
sorption isotherms of Tunisian Sardine (Sardinella
aurita) and shrimp (Pandalus borealis), respectively.
Also, Aktas and Girses (2005) found good results
with the Halsey equation studying the moisture adsorp-
tion properties of dehydrated slices of Pastirma
(Turkish dry meat product).

In this context it is important to mention that there
are few authors that studied the sorption isotherms
behavior of fish and fish products and the information
is in general scarce. Moreover, very few studies were
found on the sorption behavior of osmotically treated
fish products (Bellagha et al., 2005; Curran and
Poulter, 1983).

Mackerel is a pelagic fish that lives in the Southwest
Atlantic Ocean from 22° in Brazilian waters to 39° S in
Argentine waters and has been classified within the
underutilized species in the Southwest Atlantic Ocean
(CFP, 2009).This condition encourages researchers to
develop new products with traditional or alternative
technologies. The OD process is presented as a possible
alternative to produce intermediate or final fish prod-
ucts and gives a potential barrier to implement the
Hurdle Technology in the fish product development
(Yeannes, 20006).

Therefore, it is relevant to study the moisture sorp-
tion characteristics of OD mackerel fillets, in order to
know the behavior of this product when treated with
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different OD solutions. The knowledge of the sorption
isotherms will be an aid to properly define the endpoint
of a drying process, and maintaining the food quality.
Taking this into account and considering that there is
no information on sorption characteristics for mackerel
fillets, the research proposed in this study will give a
knowledge contribution and can lead to various prac-
tical applications. Hence, the aims of this work were:
(1) to determine the sorption isotherms of OD mackerel
fillets at two different temperatures (5°C and 25°C);
(2) to study the influence of salt and sucrose concentra-
tion of osmotically treated fillets on water sorption
behavior and (3) to fit suitable models for describing
the sorption characteristics.

MATERIAL AND METHODS
Raw material

The samples for this research were caught in September
using lampara nets by a commercial fishing trawler
around latitude 38° S.

Captured fishes were chilled with flake ice and were
placed in plastic containers. In these conditions, the
samples temperature was near to 0°C but above
the freezing point. The fish boxes were transported to
the factory and the successive stages of washing, clas-
sifying, gutting and filleting were performed, to get two
fillets with skin from each specimen. The weight range
for each individual fillet was 90—120 g and the average
length was 22.1 £1.67cm. The water and fat contents
of the fresh mackerel were: 69.20+0.45% and
9.71 £0.56% in wet basis, these values were determined
using AOAC (1990) method and Bligh and Dyer (1959)
technique, respectively.

Osmotic treatment

The OD method was carried out with aqueous solu-
tions of sodium chloride (120 and 180g in a liter of
water) and mixed solutions of these sodium chloride
concentrations and sucrose (350 and 700 g in a liter of
water). The solutions compositions are presented in
Table 1. These solute mixtures were selected in order
to ensure solutions with low a,, values and sufficient
driving force for the mass transport process (Corzo
and Bracho, 2003; Medina-Vivanco et al., 2006). The
values of sucrose were within a concentration range
that would not lower the osmotic effect (above 900 g/
L), considering that fish tissue is susceptible to high
levels of this solute (Collignan and Roult-Walk, 1994).

Fillets and solutions were previously conditioned in
incubator at 20 °C. Afterwards, the fillets were placed in
plastic containers with a fish: solution ratio of 1:4,
which is an appropriate relation for the wet salting pro-
cess (Medina-Vivanco et al., 2006). The temperature
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Table 1. Hypertonic Solution

OD Solution NaCl g/l Sucrose g/I
S1 120 -

S2 120 350

S3 120 700

S4 180 -

S5 180 350

S6 180 700

was controlled by placing the containers in an incuba-
tor at 20 £0.5°C with automatic control. After 6 h of
immersion, two fillets were taken from each solution.
Prior to weighing and homogenization of fillets, these
were superficially dried with absorbing paper in order
to remove surface moisture. The flesh fillets samples
were homogenized with an Omni-Mixer (Omni
International Inc.) on an ice bath, until a homogeneous
paste was obtained. Fish homogenate was used to ana-
lyze the content of salt, sucrose, moisture contents,
water activity and sorption isotherm.

Salt content

The salt content was determined in duplicate as chlor-
ide using the Mohr method adapted to foods (Kirk
et al., 1996). Samples were prepared by diluting the
dry residue with distilled water, obtained from the
moisture content determination. The solution was
boiled for 5min and then filtered and made up to
250 mL. Titration was performed in three aliquots for
each extract with AgNOj; solution to get AgCl com-
pound which precipitates during the process. The end-
point is noticed when no more CI™ is available,
therefore free Ag™ binds to the CrO,>~ of the indicator
and becomes Ag,CrO4 compound that gives a brick red
color to the solution.

Sucrose content

The sugar concentration was determined in duplicate
by an enzymatic kit (Boheringer Mannheim/
R-Biopharm, Germany) measuring the absorbance
(A=340nm) of the solutions extracted from the
samples.

Samples extracts were prepared according to the
supplier instructions for samples containing fat. First
the samples were treated with hot water, and then they
were cooled to allow the fat to be separated by filtra-
tion. Sucrose determination was done on three ali-
quots for each extract using the prepared reagents
according to the manufacturer’s instructions.

Agustinelli et al.

The content of sucrose was calculated and expressed
as a percentage (%).

Moisture content

The moisture content was determined in triplicate by
drying 5g of minced fish at 105+ 1 °C until a constant
weight was reached (AOAC, 1990).

Water activity

At the end of each immersion stage, liquid samples
from the immersion solutions were taken in order to
measure their water activity value. The water activity
of the solutions was measured in duplicate with a digi-
tal hygrometer Aqualab, model CX-2T at 25°C
(Decagon, Pullman, WA, USA).

Additionally, predictive models were used to correl-
ate and calculate these values. Sereno et al. (2001)
reviewed several equations proposed for a,, prediction,
and they recommended the Ross equation (equation (1))
for multicomponent mixtures.

Ross (1975) equation for multicomponent mixtures

ay = 1‘[ (@) (1)

where ay, represent the water activity of each compo-
nent of the multicomponent solution. Since the studied
OD solutions are prepared using electrolytes and none-
lectrolytes solutes, other predictive models for each
component have to be used (Baeza et al., 2010;
Chirife, 1978).

The equations are described below:

Pitzer (1973) equation, for binary solutions contain-
ing electrolytes:

The contribution of NaCl to the solution water
activity was predicted using this model

a,, = exp(—0.802¢%,m;) 2

where m represents the molality of the electrolyte and
¢, the osmotic coefficient for aqueous electrolytes, is
calculated by equation (3)

me

(€)

32
um”z:|

Urotal

¢ =14 |ZuZ| F +2m [MM}B + 2m2[

Utotal

712

_ . _ 2
F= A|:1 +Il/zB:| and [ = 1/2%(m;Z;) 4
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where u,, and u, are the number of ions, u,,,, being the
total number of ions:

Ugotal = Um + Uy (5)

Z,; is the ionic charge and B,,,, is the second virial coef-
ficient calculated from B,,.(0) and B,,.(1), and their
values for NaCl are 0.0765 and 0.2664, respectively
(Barbosa-Canovas et al., 2007).

By = Bux(0) + Byn(1) exp(—al’) (6)

C,.« 1s the third virial coefficient (0.00127 for NaCl),
and [ represents the ionic strength of the solution. 4
and B are Debye—Huckel coefficients (0.392 and 1.2 at
25°C, respectively).

Norrish (1966) model:

The contribution of the sucrose component to the
final solution water activity was predicted using equa-
tion (7) for nonelectrolyte solutions.

ay = Xy I:e(KX§):| (7)

where X,, =mole fraction of water, X,=mole fraction
of solute, and K is the empirical constant equal to
—6.47 for sucrose, supposed to be related to its chem-
ical structure (Norrish, 1966).

Moisture sorption isotherm

The equilibrium moisture content of osmotic dehy-
drated fish was obtained through the standard gravi-
metric method recommended by the COST90 project
(Spiess and Wolf, 1987) with the modifications sug-
gested by Trujillo et al. (2003). They proposed changes
in the sorption container geometry, the distance
between the sample and the liquid and the sample
shape. The container size was big enough to contain a
single sample and the container height was approxi-
mately equal to the container diameter. A sample of
2 g of minced mackerel was placed in a pre-weighed
mesh at 4 mm above the liquid surface, in order to min-
imize the external resistance. These modifications
reduce the time to reach equilibrium and also avoid
spoilage, especially when perishable samples are
involved.

Seven plastic flasks with the previously described
characteristics were used; each one contained a super
saturated salt solution in order to provide a range of a,,
from 0.33 to about 0.98. Their water activities at 5°C
and 25°C were taken from Spiess and Wolf (1987) and
Barbosa-Canovas et al. (2007) and are given in Table 2.
Four repetitions were made for each water activity. The
closed flasks were kept in an incubator and a
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Table 2. Water activities (a,,) of saturated salt solution at 5
and 25°C

Salt 5°C 25°C
K>SO, 0.985 0.973
KNO3 0.963 0.936
KClI 0.877 0.843
(NH4),SO, 0.824 0.803
NaCl 0.756 0.753
Kl 0.733 0.689
MgCl, 0.336 0.328

refrigerator equipped with temperature control systems
to provide the desired constant temperatures of 25°C
and 5°C, respectively. The mesh containing the sample
were weighed using an analytical balance until a weight
change equal or less than 0.002 g was recorded on two
consecutive weightings, when the sample was assumed
to be at equilibrium. Weighing time was reduced to less
than 30s. About 5-7 days were required for the samples
to reach this state. Moisture content of the sample was
measured immediately after reaching the equilibrium
using the previously described method in ‘Moisture
content’ section.

Modeling sorption isotherm curves

Three isotherm equations, recommended by Boquet
et al. (1978) and Lioutas et al. (1984) for fitting water
sorption isotherms of different meat and fish products
were used. The equations are presented in Table 3.

Data analysis

Analysis of variance (ANOVA) was carried out to
determine the effects of osmotic solutions concentra-
tions on the final fish muscle contents of NaCl, sucrose
and moisture. Difference between means was analyzed
using Tukey’s test for post hoc comparison (p < 0.05).

A non-linear regression analysis was used to calcu-
late the best fitted values of constants in equations (8)
to (10) in Table 3 using Microsoft excel 2003 (Microsoft
Corp., USA), Origin 8.0 (OriginLab Corporation,
Northampton, MA, USA) and MATLAB Version 7.4
(Release 2007a) (Mathworks, Inc., Natick, MA).
Performance of the isotherm models was evaluated
using parameters for non-linear regression such as the
coefficient of determination (R?), the root-mean-square
error (RMSE) of the deviations and the residual plots.
The RMSE was estimated as follows:

n
RMSE = | % > (@)
i=1

(11)
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Table 3. Sorption models tested in this work

Agustinelli et al.

Reference

Equation

Parameters

Smith (1947)

X=E—F-In(l —a,) (8

Oswin (cited by Boquet et al. (1978))

E: the quantity of water in the first sorbed
fraction.

F: is the quantity of water in the multilayer
moisture fraction

A, B: model parameters

Halsey - Iglesias & Chirife (1976) simplification

ay B
) o

_c \/D
(i) (19

C, D: model parameters

Table 4. NaCl, sucrose and water contents* in osmotic dehydrated mackerel fillets

OD Solution NaCl (g/100g w.b.) Sucrose (g/100g w.b.) Water (g/100g w.b)
S1 4.26+0.01° nc 67.76 +-0.86°
S2 2.74+0.07¢ 4.49 +0.32° 60.37 +0.99°
S3 1.34+£0.17° 7.56+0.112 56.01 +1.10°
S4 5.614+0.122 nc 62.02 +0.53°
S5 3.68 +0.04° 497 +0.27° 61.15+0.95°
S6 1.12+£0.10° 7.55+0.152 54.24 4-0.65°

mean value &+ SD. Effect of experimental conditions, means with different lower case superscripts in each

column are significant different by analysis of variance (ANOVA) (1-way) and Tukey’s pairwise comparison test

if p <0.05. nc: not containing.

where ¢, the residual of predicted and measured values
and »n is the number of data. The equation giving the
smallest RMSE and the highest R? adj. value was con-
sidered to be the best fitted equation. Regarding the
residual plot, acceptance of a model is based on its
randomness, that is, the data points tend to fall in a
horizontal band around zero, showing no clear pattern.
The significance of the models variables was tested
by comparing their p-values for the z-test with « =0.05.
The statistical analysis was done with the open-source
software R (R Development Core Team, 2005).

RESULTS AND DISCUSSION
Physicochemical analysis

Mean values of NaCl, sucrose, and water contents of
dehydrated fillets, measured immediately after 6h of
immersion, are presented in Table 4. The analysis of
these results indicates that the concentration and com-
position of the solution influence both the solutes gain
and water loss.

Samples treated only with salt solutions — S1 and
S5 — had the highest sodium chloride concentration.
The statistic analysis (ANOVA) pointed a positive
and significant effect of the initial sodium chloride

solution concentration. On the other hand, the initial
sucrose concentration (ternary solutions) presented sig-
nificant effect on the fillet salt content: high sucrose
solutions resulted in a fish muscle with low salt content.
As it was studied in gels and fish products, sucrose
hinders salt entrance due to the formation of a
concentrated superficial coat layer (Collignan and
Roult-Walk, 1994; Emam-Djomeh et al., 2001;
Medina-Vivanco et al., 2002).

Sucrose gain depends on the initial sucrose concen-
tration of the osmotic ternary solution: higher the solu-
tion sucrose concentration is higher the final fish muscle
sucrose content is. In contrast, the sodium chloride con-
centration did not present significant effect over sucrose
gain. This fact is in accordance with the results reported
by Medina-Vivanco et al. (2002). They concluded that
sucrose content in tilapia fillet was negatively influenced
by the increase in NaCl solution concentration in the
range of 0-25¢g for 100 g of water, but over this range
the effect disappeared.

With respect to the water content of treated fillets,
the experimental results showed that the samples trea-
ted with the highest concentrated solutions (S3 and S6)
presented, as it was expected, the lowest water contents.
Furthermore, water content clearly depends on the
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sucrose concentration of the osmotic (ternary) solu-
tions. On the contrary, salt concentration effect is
observed only when binary solutions were used.
Collignan et al. (2001) explained that sucrose’s high
molecular weight may cause a slow penetration in
tissue, remaining in liquid phase, and hence creating a
gradient concentration between the product and the
solution and enhancing water release.

The comparison between salt and sucrose effects
over water kinetics was completely studied in several
fish products and it was related to the differences in
molecular size of ionized salt versus larger and union-
ized sugar (Collignan and Roult-Walk, 1994; Medina-
Vivanco et al., 2002).

Predicted versus experimental a,, of OD
solutions

Figure 1 shows the experimental and predicted water
activities of the hypertonic solutions (see “Water activ-
ity’ section). The linear fit presented an R value close
to 1 and an RMSE below 0.01. This RMSE value was
lesser than the ones presented by Sereno et al. (2001) for
prediction of water activity in ternary solutions.

Furthermore, an ANOVA (one-way ANOVA) with
Tukey’s test was used for means comparison between
experimental values and theoretical ones. The results
indicates that the means difference is not significant
at the 0.05 level, with p-values in the range of
0.06001-0.3390.

According to these analysis and considering that
experimental values were measured at the end of the
immersion stage and theoretical values were calculated
with initial solution concentration, it can be assumed

that the 1:4 (fish: solution) ratio was appropriate. This
implies a constant driving force to remove water from
tissue, avoiding dilution of the osmotic solution. In fact
this is important because water activity (i.e. chemical
potential), which is a function of soluble solids, is the
driving force for mass transport (Corzo and Bracho,
2003; Czerner and Yeannes, 2010).

Sorption isotherms

Experimental equilibrium moisture content values of
the samples at 5°C and 25°C are plotted in Figure 2.
The shape of the isotherms was type-III, typical for
food materials, within the five general types of sorption
isotherms classified by Brunauer et al. (1940). Similar
results for systems with crystalline soluble compounds
such as sugars or salts are reported in the literature
(Curran and Poulter, 1983).

From the data shown in Figure 2, it can be observed
that the temperature effect is noticeable only in samples
with lower salt content (Cnac)=1.34% and 1.12%). In
these samples, a decrease in temperature induces an
increase in the equilibrium moisture content at a fixed
a,, value as expected.

The effect of immersion solution concentration
(sucrose and/or salt) can be analyzed through the
effect of final tissue salt content. As it was explained
by Lewicki (1997), NaCl has a greater ability to catch
water molecules than other components because of the
ionic interaction. Binary immersion solutions produce
samples with higher salt content; in consequence at
a fixed a, the equilibrium water content is high.
When ternary immersion solutions are used, the salt
content decreases inversely to sucrose solution

0.94

093 |aWprea = 1.2152aW,,, - 0.2018

0.92 |R?=0.9552

RMSE=0.0062
0.91 -

0.89
0.88
0.87
0.86

Water activity, predicted

0.85 *
0.84 ‘ ‘ ‘

0.86 0.88 0.89

Water activity, experimental

0.9 0.91 0.92 0.93 0.94

Figure 1. Water activity of sucrose-NaCl osmotic solutions: predicted vs. experimental water activities.
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concentration, therefore at a fixed a,, value, the equi-
librium moisture content diminishes.

Fitting sorption models

Table 5 summarizes the results for a non-linear regres-
sion of the sorption models described in Table 3. The
regression procedure was repeated using different initial
values to find the best solution.

According to the statistical analysis, the Smith
regression coefficients were significantly different from
zero (p<0.05) only for the fitting procedure with
experimental data from samples treated with salt—
water binary solutions (S1 and S4). This model also

Agustinelli et al.

for these treatments. Lioutas et al. (1984) obtained
good results with this model in meat-salt mixtures
and Kabil et al. (2012) in OD beef samples with NaCl
and NaCl+ NaNO,. This model was widely used as an
empirical equation for fitting water sorption isotherms
of foods (Al-Muhtaseb et al., 2002; Chirife and Iglesias,
1978). On the contrary, some authors like Palou et al.
(1997) and Aktasand Girses (2005) also found that the
Smith equation was not acceptable for describing the
sorption behavior of food products with different
chemical composition.

On the other hand, Oswin and Halsey models were
statistically significant at a p <0.05 level (Table 5) for
all the studied conditions; the respective p-value (close

2 . . . .
showed the greater R” values and the lower RMSE to 0.00) indicates the high significance of the
250
5 5C 2.50 =
ool ® 25°C 4 o  25C
g A R Oswin 5°C o 2009 Oswin 5°C hd
E Oswin 25°C £ Oswin 25°C
— 1.50 2 ~ 150
20 oe
58 C raci=4.26% £ Cror5.61%
€ > 1.00 NaCI=-£5 70 £ = 1004 NaCI=o-D 170 -
o © -] e
g L%
3 050 2 050
= 2
0.00 . . . . . 0.00 . . . . .
0 0.2 04 06 08 1 1.2 0 02 0.4 06 08 1 1.2
aw aw
250 250
5°C o 5°C
e 25°C o
2.00 200{ * 25C
o Oswin 5°C %’ ------ Oswin 5°C
Q -
s Oswin 25°C <] i °
g _ 450 2 _ 150 Oswin 25°C
29 2¢c
= ! z =
£ _ o / 8 £ Cnaci=3.68%
g > 1.004 CNaCI—2-74 Yo S > 1.00 NaCl °
o T o T
® ®
3 2
2 0.50 - 3 0.50
= s
0.00 . . . . . 0.00 T T T T T
0 02 04 06 08 ] 12 0 0.2 04 06 08 1 1.2
aw 2.50 aw
250 o 5°C
5°C
e 25°C
e 25C 2.00 .
o 200 . 2 |----- Oswin 5°C
= |----- Oswin 5°C o ) &
2 . [ Oswin 25°C ]
g Oswin 25°C S _ 150
— 1.50 2 o
22 z
5t it
o c 4
S > 1.00 Sz 10
o T o)
o S
2 2 ]
g osof g 050
s
0.00 . . . . . 0.00 T T T T T
0 0.2 0.4 0.6 0.8 1 12 0 0.2 0.4 0.6 0.8 1 1.2
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Figure 2. Experimental data and predicted isotherms of osmotic dehydrated mackerel fillets, at 5°C and 25°C.
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Table 5. Estimated Smith. Oswin and Halsey constants for OD mackerel fillets at 5 and 25°C

Smith Oswin Halsey

T (°C) Parameters p-value R? RMSE Parameters p-value R? RMSE Parameters p-value R? RMSE
E=0.13 3.96E—02 A=0.616 1.97E-02 C=0.197 3.96E—02

5 F=0.53 2.77E-04 0931 0.156 B=0.327 1.32E-03 0.899 0.188 D=2.892 2.77E-04 0.890 0.197
E=0.089 6.68E—03 A=0.592 2.156E-02 C=0.209 6.68E—03

S1 25 F=0.577 1.65E-03 0.86 0.206 B=0.370 453E-03 0.827 0.229 D=2.526 1.65E-03 0.817 0.235
E=-0.217 1.33E-01 A=0.297 4.40E-03 C=0.063 1.33E-01

5 F=0.493 1.97E-04 094 0.135 B=0.450 1.73E-03 0.905 0.169 D=2.120 1.97E-04 0.895 0.178
E=-0.318 6.41E-02 A=0.278 5.18E—04 C=0.095 6.41E-02

S2 25 F=0.622 2.07E-04 0.938 0.142 B=0.563 3.81E-04 0949 0.129 D=1.676 2.07E-04 0.942 0.138
E=-0.083 4.99E-01 A=0.346 7.21E-03 C=0.060 4.99E-01

5 F=0.423 3.12E-04 0.927 0.128 B=0.386 3.10E-03 0.872 0.170 D=2.460 3.12E-04 0.858 0.178
E=-0.183 3.22E-01 A=0.104 1.94E-05 C=0.041 3.22E-01

S3 25 F=0.356 6.78E-03 0.757 0.176 B=0.713 9.75E—-05 0.957 0.074 D=1.342 6.78E—03 0.967 0.065
E=0.231 1.27E-02 A=0.690 1.43E-02 C=0.256 1.27E-02

5 F=0.525 1.80E-04 0942 0.141 B=0.308 5.94E—04 0922 0.163 D=3.065 1.80E-04 0917 0.168
E=0.224 2.59E-02 A=0.667 2.02E-02 C=0.251 2.59E-02

S4 25 F=0.533 1.52E—-03 0.865 0.186 B=0.332 3.26E—03 0.839 0.203 D=2.798 1.52E—03 0.833 0.207
E=-0.002 9.89E-01 A=0.462 8.03E—03 C=0.109 9.89E-01

5 F=0.491 2.78E-04 0.931 0.145 B=0.366 1.24E-03 0.904 0.170 D=2.591 2.78E-04 0.896 0.177
E=0.026 8.61E—01 A=0.344 3.78E-04 C=0.119 8.61E-01

S5 25 F=0.504 1.71E-03 0917 0.17 B=0.487 1.75E—04 0.904 0.084 D=2.126 1.71E-03 0.978 0.103
E=0.027 8.25E—-01 A=0.430 8.15E—03 C=0.081 8.25E—-01

5 F=0.421 3.50E-04 0.924 0.13 B=0.347 2.27E-03 0.880 0.164 D=2.730 3.50E-04 0.868 0.172
E=-0.135 4.46E-01 A=0.111 1.07E—-04 C=0.038 4.46E-01

S6 25 F=0.323 9.23E-03 0.726 0.172 B=0.674 3.83E—04 0926 0.090 D=1.417 9.23E-03 0.939 0.081

corresponding parameter. Moreover, the high deter-
mination coefficients (R*) values obtained for the
Oswin (0.826 < R?<0.957) and Halsey equations
(0.817 < R*<0.978) indicates that both were good
models to explain the sorption isotherm of the dehy-
drated mackerel fillets. To complete the statistical ana-
lysis, the residual plots obtained with Oswin and Halsey
models were performed. Both plots presented in
Figure 3 followed a random and equivalent pattern.
Even though both models seem to fit the raw data
with similar accuracy, the Oswin model showed in gen-
eral the greatest values of R* and the lower values of
RMSE. These results endorse the evaluations made by
Boquet et al. (1978) about the fitting abilities of the
Oswin equation. They established that the Oswin
model gives good fitting description of meat and pro-
teins isotherms. In terms of fishery products, Bellagha
et al. (2005) found good fit results explaining the sorp-
tion isotherms of salted sardine; Hadrich et al. (2008) in
fresh Tunisian sardine fillets, and Guochen et al. (2009)
in the study of Shrimp sorption behavior. Therefore, the
Oswin model was selected to perform a thorough ana-
lysis of the sorption isotherms, concerning the influence
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of the final tissue salt content. As the temperature effect
is significant at low salt content (Figure 2 and statistical
analysis, results not shown), the fitting was done with
two groups of data: 5°C and 25°C.

In consequence, the dependence of the Oswin par-
ameters on tissue salt content Cyn,c; was investigated.
Second-order polynomials were used to fit each set of
raw data of the osmodehydrated mackerel fillets, with
Cnact varying from 1.12 to 5.62 and water activity
range from 0.32 to 0.98 at each temperature, 5°C and
25°C. Fitting equations are presented as follows:

At 5°C
X =(0.0333 - Cy,c; — 0.1404 - Ciyacy + 0.5069)

a, | (FO0133Che0.0718-Crucrt0.2972)
1 - Ay

A1 25°C
X = (0.0064 - C3,c + 0.0915 - Cyvacr — 0.0148)

Gy (0.0054-C3,, ,—0.1234-Cyy;40.8405)
1 —a,
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Figure 3. Residual plot for Oswin and Halsey models including temperature effect. (#) S1, ({J) S2; (A) S3; (x) S4; (%) S5;

(O) S6.

Experimental and predicted (Oswin model) values of
desorption isotherms of osmodehydrated mackerel
fillets obtained at 5°C and 25°C are also shown in
Figure 2. These results indicate that the water activity
of the OD fillets strongly depends on their final salt
content, independently of the solution’s sucrose con-
centration as it is presented in the Oswin modified
model at each temperature.

CONCLUSION

In this work, the sorption behavior of osmotic dehy-
drated mackerel (Scomber japonicus) fillets has been stu-
died; the sorption curves were within the type III in the
BET classification. Temperature effect was significant
only at low final tissue salt content. Instead, the final
salt content strongly influences the water activity of
the OD fillets, being lower as its salt content is higher.
The experimental data were fitted to three isotherm
models. The Oswin model showed the best performance

of the three analyzed models, describing the relation-
ship between water activity, moisture content and final
salt concentration of osmodehydrated mackerel fillets
treated in binary and ternary solutions.

The results obtained in this work presented valuable
information for the design of drying stages of salted
mackerel fillets, establishing the conditions of dehydra-
tion and defining the endpoint of the process.
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