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a b s t r a c t

Glass transition temperatures of freeze-dried horse mackerel muscle conditioned at various water activi-
ties at 25 ◦C were determined by differential scanning calorimetry (DSC). High moisture content (>0.33 g/g,
d.b.) samples obtained by adding liquid water into freeze-dried samples, were also analyzed. The state
diagram was composed of the freezing curve and the glass transition line, which were fitted according to
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Clausius–Clapeyron model and Gordon–Taylor model, respectively. The state diagram yielded maximally
freeze-concentrated solutes at 0.786 solids with the characteristic temperature of glass formation being
−83.1 ◦C. The state diagram of horse mackerel muscle developed in this work could be used to predict
the stability during frozen storage and in dried conditions as well as in designing drying and freezing
processes.
SC
orse mackerel

. Introduction

Water activity (aw) provides a reliable assessment of the
icrobial growth, lipid oxidation, non-enzymatic and enzymatic

ctivities, and the texture/mouthfeel of foods following manufac-
uring [1]. Sorption isotherms are employed in process design and
ontrol, such as in predicting the end point of drying and opti-
izing ingredient selection in food formulations [1–5]. Recently,

t has been argued that aw is not sufficient to describe the sec-
ndary processes of change-in-state in foodstuffs thus ushering
n the concept of glass transition temperature [6]. Glass transi-
ion temperature (Tg) is a second-order phase change temperature
t which a solid-like “glass” is transformed to a liquid-like “rub-
er”. As the temperature increases above Tg, various changes such
s increase in free volume, decrease in viscosity and increase
n thermal expansion, are noticed. The most important changes
ffecting food behaviour are related to the exponential increase in
olecular mobility and decrease in viscosity. These factors gov-

rn various time-dependent and often viscosity-related structural
ransformations, such as stickiness, collapse, and crystallization

uring food processing and storage. The importance of Tg of amor-
hous food materials for processing and storage stability has been
ecognized and emphasized by many researchers and a wide
ange of potential food applications of the glass transition phe-
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nomenon have been identified [7–9]. Maximum utility of Tg is
made in the state diagram which, in its simplest form, represents
the pattern of change in the state of a material as a function of
increasing levels of solids [10]. State diagram assists in predict-
ing food stability during storage as well as selecting a suitable
condition of temperature and moisture content for processing
[11–13].

As the importance of state diagram is better recognized, more
studies have been carried out for real foods during recent years.
State diagrams have been reported for apple [14–17], grape [18],
strawberry [18–20], pineapple [21], mango [22], persimmon [23],
kiwifruit [24,25], carrot [26], onion [18], tomato [27,28], garlic [29],
date [30], cornstarch [31], tuna muscle [32,33], and abalone [34].
However, based on the authors’ knowledge, no data are available
for horse mackerel muscle.

There is an ever-increasing demand for fresh and processed fish
around the world due to its nutritional value [34]. Horse mackerel
(Trachurus Japonicus) is a large pelagic fish. It is one of the most
important fishery resources in the world. Its productivity is ranked
as the third in all the single capture species of the world, with annual
landings that exceeded 5–10 million tons in the past ten years [35].
However, due to high content of fat and protein, it is perishable dur-
ing processing and storage. Preservation is achieved by dehydration
or freezing, but it requires data on thermodynamic properties per-

taining to aw and vitrification phenomena. Therefore, the aim of
this work was to obtain the state diagram of the freeze-dried horse
mackerel muscle and the moisture sorption isotherm in order to
optimize freezing, drying or rehydration processes and the stability
of the final product during storage.

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:shiqilong2006@hotmail.com
mailto:xuech@ouc.edu.cn
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. Materials and methods

.1. Materials and sample preparation

Whole fresh horse mackerel was purchased from the local mar-
et and then delivered to the laboratory on ice. The weight of
he individual fish was 95 ± 5 g with an overall length of about
0 ± 1 cm. The whole horse mackerel was washed with tap water
nd filleted with a sharp knife. The horse mackerel fillets were
rozen in a refrigerator at −40 ◦C for at least 24 h, and then placed
nto a freeze drier (Model Alpha 1–4LD, Martin Christ Company,
ermany). The plate temperature was maintained at −20 ◦C (sam-
les temperature not controlled) with a vacuum of 5 Pa in the
hamber, while condensing plate temperature was kept at −56 ◦C,
nd drying continued up to 84 h.

All the samples were transformed into powder and further dried
n a desiccator over P2O5 for 1–3 weeks to obtain completely dried

aterials [36]. The moisture content and total solids of horse mack-
rel muscle were measured gravimetrically by drying samples in
n air-convection drier (Model DHG-9070A, Shanghai Yiheng Sci-
ntific Instrument Co. Ltd., Shanghai, China) at 100–105 ◦C [37]. The
eights of the samples were recorded each hour until they showed

ariation less than 0.3% [38]. The results were given as an average
or three samples.

.2. Measurement and modelling of aw

To get samples with aw from 0.11 to 0.90, powdered freeze-
ried horse mackerel muscle samples were put in open weighing
ottles and stored in air-sealed glass jars and equilibrated with sat-
rated salt solutions of constant water activities (Table 1) for 1–3
eeks [36]. The jars were placed in a temperature controlled cabi-
et (Model HSX-160B, Shanghai Fuma Experimental Instrument Co.
td., Shanghai, China) and maintained at a constant temperature of
5 ◦C. After equilibrium was reached (1–3 weeks), samples of about
5–20 mg were taken for DSC analysis and moisture content (d.b.)
alues were obtained from the weight differences of the samples
efore and after equilibration.

Freeze-dried samples with moisture contents corresponding
o aw higher than 0.90 were also analyzed. Distilled water was
dded directly into the freeze-dried powder in weighing bottles
25 mm × 40 mm) and then the bottles were sealed and put in a dry
esiccator at 4 ◦C for 24 h [21] before DSC analyses. The water activ-

ties of these samples were determined at 25 ◦C, with the help of a
S1 water activity meter (Novasina, Novasina Ltd., Switzerland).
The relationship between aw and moisture content (d.b.) was
orrelated with the Guggenheim–Anderson-de Boer (GAB) model
Eq. (1)) [38].

ws = XmCKaw

(1 − Kaw)(1 − Kaw + CKaw)
(1)

Table 1
Water activity of saturated salt solution at 25 ◦C
(Sa et al. [16], Roos [20]).

Saturated salt solution a25
w

LiCl 0.11
CH3COOK 0.23
MgCl2·6H2O 0.33
K2CO3 0.44
Mg(NO3)2·6H2O 0.53
NaNO2 0.62
NaCl 0.76
(NH4)2SO4 0.81
KCl 0.85
KCrO4 0.87
BaCl2·2H2O 0.90
Acta 493 (2009) 55–60

where Xws is the moisture content in dry basis (d.b.); aw is the
water activity; Xm is the moisture content at fully occupied active
sorption sites with one molecule of water, which is secure mois-
ture content for high quality preservation of freeze-dried food; C
and K are the GAB parameters associated with the enthalpies of
monolayer and multilayer, respectively.

2.3. Measurement and modelling of glass transition by DSC

The glass transition temperatures of horse mackerel mus-
cle samples at different moisture contents were measured
with DSC (DSC-200PC, NETZSCH, Germany). The instrument was
calibrated for heat flow and temperature using indium (melt-
ing point 156.6 ◦C, �Hm = 28.60 J/g), mercury (melting point
−38.8 ◦C, �Hm = 11.44 J/g), and C6H12 (melting point −86.0 ◦C,
�Hm = 79.40 J/g). Samples were enclosed in hermetically sealed
aluminum pans (1.75 mm height; 6.67 mm internal diameter) just
before analysis and then loaded onto the equipment at room
temperature. An empty pan was used as reference and nitro-
gen was used as carrier gas (purge 20–30 mL/min; protective
60–70 mL/min). Liquid nitrogen was used for sample cooling before
the runs.

2.3.1. Glass transition of samples containing unfreezable water
Freeze-dried horse mackerel muscle samples (15–20 mg) equi-

librated at different aw were weighted, hermetically sealed in
aluminum pans and were cooled from 20 ◦C to −120 ◦C at 10 ◦C/min,
and equilibrated for 10 min. After equilibrium it was then scanned
from −120 ◦C to 10 ◦C at a rate of 10 ◦C/min, and equilibrated for
10 min. They were then scanned from 10 ◦C to −120 ◦C at 10 ◦C/min,
and equilibrated for 10 min. After equilibrium it was then scanned
from −120 ◦C to 20 ◦C at a rate of 10 ◦C/min. Each thermogram was
analyzed for the onset, mid and end of transition. Three replicates
were used for selected samples (aw/moisture content).

2.3.2. Glass transition of samples containing freezable water
Samples of 15–20 mg (moisture content, 0.25–0.60, w.b.) of

the powder in a sealed aluminum pan were cooled from 20 ◦C
to −120 ◦C at 10 ◦C/min, and equilibrated for 10 min. It was then
scanned initially from −120 ◦C to 20 ◦C at a rate of 10 ◦C/min for
initial assessment of the thermogram and to locate apparent glass
transition temperature, and end point of freezing (i.e. apparent T ′

m).
In the literature it was mentioned that annealing is necessary in
order to achieve maximal-freeze-concentration condition (i.e. real
T ′

g and T ′
m) and eliminate the exothermic peak if present. The proce-

dure was as follows: samples were cooled from 20 ◦C to −120 ◦C at
10 ◦C/min, and equilibrated for 10 min. After equilibrium it was then
heated at 10 ◦C/min to T ′

m − 1, annealed 30 min at T ′
m − 1, cooled at

10 ◦C/min to −120 ◦C, and equilibrated for 10 min, and scanned from
−120 ◦C to 20 ◦C at 10 ◦C/min in order to determine actual T ′

g and T ′
m.

This procedure was similar to Ross [39], and Bai et al. [15]. The aver-
age values and standard deviation of three replicates were obtained
for selected data point to identify the experimental variability.

The DSC measurement was repeated in triplicate. The results
were analyzed with the Proteus Analysis software, which was pro-
vided with the DSC instrument. The analysis of the glass transition
reported the onset, the mid-point and the end temperatures of the
step once the start and stop points of the transition were provided,
and the mid-point of the step was taken as glass transition temper-
ature.
The glass transition temperature of foods was modelled by
Gordon–Taylor equation (Eq. (2)) [15,16,21].

Tgm = Xs(Tgs) + kXw(Tgw)
Xs + kXw

(2)
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Table 2
Model fitting for sorption experimental data.

GAB parameters Freeze-dried
abalone [34]

Freeze-dried
sardines [41]

Freeze-dried
tuna meat [42]

Freeze-dried
shark [43]

Freeze-dried
king fish [44]

Freeze-dried
horse mackerel

Xm (g/100 g) 6.8 4.94 6.33 10.4 5.2 3.36
C 10.66 0.0106 9.566 12.7 0.934 73.29
K 0.865 0.7324 0.9139 0.980 0.952 0.992
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RE (%) 15.9 7.4 9.6
e

RE: mean relative error; Re: residual error.

Where Xs and Xw are the mass fraction of solid and water (w.b.),
espectively; Tgm, Tgs and Tgw are the glass transition temperature
f the sample, solids and water, respectively. Tgw = −135 ◦C [16]; k
s the Gordon–Taylor parameter.

.4. Measurement and modelling of freezing point by DSC

Rahman [11] reviewed different types of empirical and theoret-
cal models used to predict freezing point of foods. In this work, the
heoretical Clausius–Clapeyron equation was used to estimate the
reezing point of horse mackerel muscle. The Clausius–Clapeyron
quation can be written as:

= − ˇ

�w
ln

[
1 − Xs

1 − Xs + EXs

]
(3)

Where � is the freezing point depression (Tw − TF), TF is the
reezing point of food (◦C), Tw is the freezing point of water (◦C),

is the molar freezing point constant of water (1860 kg K/kg mol),
w is the molecular weight of water, Xs is the solids mass fraction,
nd E is the molecular weight ratio of water and solids (�w/�s).

.5. Statistical analysis

All regressions were made with the help of Matlab software
version 7.0) using the non-linear curve fitting function [40].

. Results and discussion
.1. Sorption isotherm

The GAB model was fitted to the sorption experimental data.
oisture sorption isotherm is shown in Fig. 1. On the whole, the GAB
odel fitted the experimental data well. As expected, the equilib-

ig. 1. Sorption isotherm of horse mackerel muscle (*experimental data; —GAB
odel).
3.7 11.2
0.0086

rium moisture content increased with increasing aw. The empirical
parameters and correlation coefficients calculated by non-linear
regression are shown in Table 2. These constants can be used to
predict moisture sorption isotherms at room temperature. The
value of the monolayer moisture content of horse mackerel mus-
cle was 3.36 g/100 g (d.b.) as determined by GAB model. Results
were in the range previously reported for abalone (6.8 g/100 g, d.b.),
sardines (4.94 g/100 g, d.b.), tuna meat (6.33 g/100 g, d.b.), shark
meat (10.4 g/100 g, d.b.), and king fish (5.2 g/100 g, d.b.). The mono-
layer moisture content Xm is recognized as the moisture content
affording the longest time period with minimum quality loss at a
given temperature. Below it, rates of deteriorative reactions, except
oxidation of unsaturated fats, are minimal. Therefore, at a given
temperature, the safest aw level is that corresponding to Xm or
lower.

3.2. Thermal transitions by DSC

3.2.1. Samples containing unfreezable water
The glass transition temperature was determined from the DSC

heat flow curves with professional software (Proteus Analysis, NET-
ZSCH, Germany), as shown in Fig. 2. The onset Tgi and final Tge points
of transitions were obtained by extrapolating the side and base lines
[15,30]. The Tgm was estimated from the midpoint of the onset and
final points (Fig. 2).

The samples with different aw behaved differently during DSC
tests. Since much of the water was linked to the solid matrix, sam-
ples with low moisture content (Xw 0.238) only showed up the glass
transition. As expected Tg decreased with increasing moisture con-
tent, as shown in Table 3. Tgm decreased from −21.0 ◦C to −80.1 ◦C
when the moisture content increased from 0.031 to 0.238 (g/g, w.b.)
(Table 3).

Gordon–Taylor equation was fitted to the glass transition data

of plasticized horse mackerel muscle and the values of Tgs and
K were found to be −12.3 ◦C and 5.01, respectively. The pre-
dicted value of k = 5.01 for horse mackerel muscle is similar to
the literature values of 2.89 for tuna meat [33]. The variation was

Table 3
Glass transition temperature of horse mackerel muscle when there is no formation
of ice.

Moisture content
Xw (g/g, w.b.)

aw Tgi (◦C) Tgm (◦C) Tge (◦C)

0.031 0.065 −21.7 (2.2)a −21.0 (2.4) −20.4 (2.7)
0.039 0.11 −33.0 (0.9) −32.2 (0.5) −31.2 (0.3)
0.064 0.23 −43.7 (4.3) −43.0 (4.0) −42.4 (3.7)
0.075 0.33 −46.1 (4.1) −44.6 (3.6) −43.0 (3.2)
0.094 0.44 −58.3 (2.5) −57.4 (1.9) −56.5 (1.5)
0.095 0.53 −62.7 (2.9) −61.9 (2.9) −61.2 (2.9)
0.108 0.62 −69.0 (2.2) −68.0 (2.5) −66.8 (2.7)
0.143 0.76 −75.2 (2.1) −74.0 (2.3) −72.8 (2.4)
0.156 0.81 −73.5 (1.1) −72.7 (1.2) −71.9 (1.3)
0.175 0.85 −77.9 (1.9) −76.8 (1.4) −75.5 (1.3)
0.202 0.87 −80.1 (2.7) −79.1 (2.9) −78.0 (3.0)
0.238 0.90 −81.8 (1.1) −80.1 (2.1) −78.1 (3.1)

a Note: values in the parentheses are standard deviation of three samples.
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Fig. 2. A typical DSC thermogram to determine the glass transition of horse mackerel muscle for plasticized sample (aw 0.53, Xw 0.095 g/g, w.b.).

uscle

e
m

3

w
a
T
u
a
(
a
a
o
p
o
w
T
p
i
[
t

glassy matrix [18,21].
In the higher moisture content range (Xs 0.431), Tg appeared less

visible just before the ice melting and remained practically constant
(Table 4). Because the heat effect involved in glass transition is prac-

Table 4
Glass transition temperature and freezing point of horse mackerel muscle when
there is freezable water.

Moisture content Xw (g/g, w.b.) aw TF (◦C) Tgm (◦C) T ′
m(◦C)

0.246a 0.905 −85.9 −35.4
0.270a 0.930 −85.3 −35.6
0.319a 0.941 −81.6 −35.0
0.605a 0.984 −82.5 −36.6
0.370b 0.953 −19.5 −86.1
0.431b 0.971 −17.4 −86.0
0.567b 0.982 −8.7 −82.2
0.632b 0.988 −6.7 −84.4
Fig. 3. A typical DSC thermogram for horse mackerel m

xpected due to the differences in chemical compositions of fish
uscle.

.2.2. Samples containing freezable water
A typical DSC thermogram of sample having freezeable water

ithout annealing is shown in Fig. 3. It showed freezing point (TF),
pparent glass transition (T ′

ga), and end point of freezing (T ′
m). Since

′
m were independent of the initial concentrations, the average val-
es for horse mackerel muscle without annealing were −83.8 ◦C
nd −35.7 ◦C for T ′

ga and T ′
m, respectively (Table 4). The value of T ′

m
i.e.−35.7 ◦C) was considered as the end point of freezing. Optimum
nnealing condition was obtained when the samples were held
t T ′

m − 2.3 ◦C (−38 ◦C) for 30 min, leading to a maximum amount
f ice to be formed. A typical DSC thermogram of annealed sam-
le is shown in Fig. 4. As expected annealing led to increasing
f T ′

g values and elimination of little devitrification exotherm. A
ell-visible devitrification peak appeared after Tg and before Tm.
his phenomenon occurred because rapid cooling resulted only in
artial freeze-concentration of the solution, during rewarming the

ncrease in aw caused crystallization of trapped amorphous water
13,45,46]. As expected, Tg of annealed samples was higher than
hat of the non-annealed ones (Table 4), due to the greater frac-
for non-annealed sample (aw 0.98, Xw 0.640 g/g, w.b.).

tion of ice formed and consequent concentration of the amorphous
0.246b 0.905 −30.3 −82.7
0.270b 0.930 −25.3 −84.5

a Without annealing (averages values for all samples: T ′
m = −35.7 ◦C ± 0.6 ◦C, and

T ′
ga = −83.8 ◦C ± 1.8 ◦C).
b Glass transition temperature for annealed samples (30 min annealing at −38 ◦C).
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F mple (aw 0.93, Xw 0.270 g/g, w.b.); (a) without annealing, and (b) annealed for 30 min.
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ig. 4. A typical DSC thermogram for horse mackerel muscle for 30 min annealed sa

ically negligible in comparison with the latent heat of melting. The
esults were similar to those obtained by Roos and Karel [36] with
iluted sucrose solutions, Sá and Sereno [18] with fresh grape sam-
les, Sobral et al. [23] with persimmon, Telis and Sobral [21,28] with
ineapple and tomato.

.3. Freezing point

The freezing points of horse mackerel muscle as a function of
oisture content are given in Table 4. The results showed that freez-

ng point decreased with increasing of solid content. The model
arameter E was estimated using Matlab 7.0 software non-linear
urve fitting method and found to be 0.112 for horse mackerel mus-
le. From the values of E, the effective molecular weight of solids
as160.7. The values of E for tuna meat and squid mantle meat were

ound to be 0.071 and 0.082, respectively [33,47]. The solids content
X ′

s) at the T ′
m was estimated as 0.786 (X ′

w 0.214) by extrapolating
he freezing curve up to T ′

m of −35.7 ◦C.

.4. State diagram

State diagram of horse mackerel muscle is shown in Fig. 5. AB
epresents the equilibrium between the solution and the solids
ice) formed and can be designated the freezing curves (Eq. (3)).
F represents the glass transition curves. Point C is the maximal-

reeze-concentration point, at which the freezing temperature T ′
m

quals −35.7 ◦C, and the solid content is 0.786 (g/g, w.b.). This part
f water is considered as unfreezable [29]. The intersection of the
ertical extrapolation of the point C on the glass transition curve
t X ′

s = 0.786 (point E in Fig. 5) is identified as maximal-freeze-
oncentration glass transition point (T ′

g), its temperature equals
83.1 ◦C and its solid content is the same as X ′

s at point C.
With understanding of the state diagram, the best storing con-

ition for products could be proposed. For example, for horse
ackerel muscle dried to moisture content of 0.25 (g/g, w.b.), it

ad better to be stored below its glass transition point, −89.0 ◦C.
or products that have to be stored above the glass transition
emperature, Williams–Landel–Ferry (WLF) equation [13] could be

mployed to estimate their shelf life. WLF equation was given as
ollows:

og
�

�g
= − C1(T − Tg)

C2 + (T − Tg)
(4)
Fig. 5. State diagram of horse mackerel muscle (AB: freezing curves; DF: glass tran-
sition line; E: glass transition point of maximal freeze-concentration).

where �g and �s are time constants for crystallization at Tg and T,
respectively; C1 and C2 are general constants. According to Sun [48],
for the system which has a freezing point much higher than its glass
transition point, C1 = 20 and C2 = 155. The storage period under glass
state, �g, is estimated as follows: since the growth rate of ice crystal
under glass state is estimated as 1 mm per 103 years [49], typical
diameters for fish cells are about 10–100 �m [50] (suppose diam-
eter for horse mackerel muscle cell is 20 �m), it will take 20 years
for a trivial crystal to grow big enough to destroy the horse mack-
erel cells, therefore �g equals 20 years. As an example, lets consider
dried horse mackerel with moisture content Xw = 0.10 (g/g, w.b.), its
glass transition temperature can be found from the diagram to be
−56.2 ◦C. According to Eq. (4), the shelf life of this product at 20 ◦C
can then be calculated to be 10.0 days. It is easy to make similar
estimation for products with other water contents and stored at
other temperatures.
4. Conclusions

The state diagram developed for horse mackerel muscle in this
work can be used in determining the stability during frozen storage
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nd in dried conditions as well as in designing drying and freezing
rocesses. The state diagram provided an estimate of maximally
reeze-concentrated solutes at 0.786 (g/g, w.b.) with the character-
stic temperature of end point of freezing (T ′

m) being −35.7 ◦C and
lass formation (T ′

g) being −83.1 ◦C.

cknowledgement

The authors wish to acknowledge the financial support provided
y National High Technology Research and Development program
f China (2006AA09Z430, 2007AA091802, and 2007AA091805).

eferences

[1] M.S. Rahman, T.P. Labuza, in: M.S. Rahman (Ed.), Handbook of Food Preservation,
Marcel Dekker, New York, 1999, pp. 339–382.

[2] A.E. Delgado, D.W. Sun, J. Food Eng. 47 (2001) 157–174.
[3] S. Gal, The need for, and practical applications of sorption data, in: R. Jowitt,

F. Escher, B. Hallstrom, H.F.Th. Meffert, W.E.L. Spiess, G. Vos (Eds.), Physical
properties of foods, Applied Science Publishers, London, 1983, pp. 13–25.

[4] D.W. Sun, Selection of EMC/ERH isotherm equations for drying and storage
of grain and oilseed, in: Proceedings of CIGR XIII International Congress on
Agricultural Engineering, Vol. 6, 2Rue Haroun Errachid, Rabat, Morocco, 1998,
pp. 331–336.

[5] D.W. Sun, J. Stored Prod. Res. 35 (3) (1999) 249–264.
[6] L. Slade, H. Levine, Crit. Rev. Food Sci. Nutr. 30 (2/3) (1991) 115–360.
[7] S. Kasapis, Food Hydrocoll. 20 (2006) 218–228.
[8] Y.I. Matveev, V.Y. Grinberg, V.B. Tolstoguzov, Food Hydrocoll. 14 (2000) 425–437.
[9] Y.H. Roos, M. Karel, J.L. Kokini, Food Technol. 50 (1996) 95–108.
10] Y.H. Roos, M. Karel, Food Technol. 45 (1991) 66–71.
11] M.S. Rahman, Food Properties Handbook, CRC Press, Boca Raton, Florida, 1995,

pp. 70–93.
12] M.S. Rahman, Trends Food Sci. Technol. 17 (2006) 129–141.
13] Y.H. Roos, J. Food Eng. 24 (1995) 339–360.
14] J.M. Aguilera, T.R. Cuadros, J.M. del Valle, Carbohydr. Polym. 37 (1998) 79–86.
15] Y. Bai, M.S. Rahman, C.O. Perera, B. Smith, L.D. Melton, Food Res. Int. 34 (2001)

89–95.
16] M.M. Sá, A.M. Figueiredo, A.M. Sereno, Thermochim. Acta 329 (1999) 31–38.

17] A.M. Sereno, M.M. Saı̌, A.M. Figueiredo, Glass transition and state diagrams for

freeze-dried and osmotically dehydrated apple, in: C.B. Akritidis, D. Marinos-
Kouris, G.D. Saravacos (Eds.), Proceedings of the 11th International Drying
Symposium, Ziti Editions, Thessaloniki, 1998, pp. 1214–1220.

18] M.M. Sá, A.M. Sereno, Thermochim. Acta 246 (1994) 285–297.
19] G. Moraga, N. Martinez-Navarrete, A. Chiralt, J. Food Eng. 62 (2004) 315–321.

[
[
[

[

Acta 493 (2009) 55–60

20] Y.H. Roos, J. Food Sci. 52 (1) (1987) 146–149.
21] V.R.N. Telis, P.J.A. Sobral, Lebensm. Wiss. u. Technol. 34 (2001) 199–205.
22] A. Ayala, D. Walter, J. Martinez-Monzo, P. Fito, A. Chiralt, Transiciones de fase en

funcion del contenido de humedad en mango var. Kent, in: P. Fito, A. Mulet, A.
Chiralt, A. Andres (Eds.), Ingenieria de alimentos. Nuevas fronteras en el siglo
XXI, Editorial de la UPV, Valencia, 2002, pp. 1–7.

23] P.J.A. Sobral, V.R.N. Telis, A.M.Q.B. Habitante, A. Sereno, Thermochim. Acta 376
(2001) 83–89.

24] G. Moraga, N. Martinez-Navarrete, A. Chiralt, J. Food Eng. 72 (2006) 147–156.
25] H.Y. Wang, S.Z. Zhang, G.M. Chen, J. Food Eng. 84 (2008) 307–312.
26] D.M.R. Georget, A.C. Smith, K.W. Waldron, Thermochim. Acta 332 (1999)

203–210.
27] A.F. Baroni, A.M. Sereno, M.D. Hubinger, Thermochim. Acta 395 (2003) 237–249.
28] V.R.N. Telis, P.J.A. Sobral, Food Res. Int. 35 (2002) 435–443.
29] M.S. Rahman, S.S. Sablani, N. Al-Habsi, S. Al-Maskri, R. Al-Belushi, J. Food Sci.

70 (2) (2005) E135–E138.
30] M.S. Rahman, Int. J. Food Properties 7 (3) (2004) 407–428.
31] Z.K. Zhong, X.S. Sun, J. Food Eng. 69 (2005) 453–459.
32] V. Orlien, J. Risbo, M.L. Andersen, L.H. Skibsted, J. Agric. Food Chem. 51 (2003)

211–217.
33] M.S. Rahman, S. Kasapis, N. Guizani, O. Al-Amri, J. Food Eng. 57 (2003) 321–326.
34] S.S. Sablani, S. Kasapis, M.S. Rahman, A. Al-Jabri, N. Al-Habsi, Food Res. Int. 37

(2004) 915–924.
35] Q.L. Shi, C.H. Xue, Y. Zhao, Z.J. Li, X.Y. Wang, J. Food Eng. 84 (1) (2008) 12–20.
36] Y.H. Roos, M. Karel, J. Food Sci. 56 (1) (1991) 38–43.
37] AOAC, Official methods of analysis 952.08, Water Content in Seafood, Associa-

tion of Official Analytical Chemists, 1996.
38] C. Van den Berg, S. Bruin, Water activity and its estimation in food systems: the-

oretical aspects, in: L.B. Rockland, G.F. Stewart (Eds.), Water Activity: Influences
on Food Quality, Academic Press, New York, 1981, pp. 1–43.

39] Y.H. Ross, Carbohydr. Res. 238 (1993) 39–48.
40] Y.C. Wei, Z.X. Liu, L.L. Kang, Y.Z. Wang, M.L. Shi, Acta Pedologica Sinica 41 (3)

(2004) 380–386.
[41] S.S. Sablani, R.M. Myhara, O. Mahgoub, Z.H. Al-Attabi, M.M. Al-Mugheiry, Drying

Technol.: Int. J. 19 (3) (2001) 673–680.
42] M.S. Rahman, S.S. Sablani, M.H. Al-Ruziki, N. Guizani, Water adsorption

isotherms of freeze-dried tuna meet, Trans. ASAE 45 (3) (2002) 767–772.
43] S.S. Sablani, S. Kasapis, Drying Technol.: Int. J. 24 (8) (2006) 1003–1009.
44] S.S. Sablani, M.S. Rahman, S. Al-Busaidi, N. Guizani, N. Al-Habsi, R. Al-Belushi,

B. Soussi, Thermochim. Acta 462 (2007) 56–63.
45] H. Levine, L. Slade, Carbohydr. Polym. 6 (1986) 213–244.
46] Y.H. Roos, M. Karel, J. Food Sci. 56 (1) (1991) 266–267.

47] M.S. Rahman, R.H. Driscoll, Int. J. Food Sci. Technol. 29 (1) (1994) 51–56.
48] W.Q. Sun, Ann. Bot. (Lond.) 79 (1997) 291–297.
49] Z.Z. Hua, Y.F. Li, B.L. Liu, Principles and Equipments of Food Freezing and Refrig-

erated Storage, CMP Press, Beijing, China, 1999, p. 129.
50] X. Li, Histology and Embryology of Aquatic Animals, Agricultural Press, Beijing,

China, 2005, pp. 61–62.


	Glass transition and state diagram for freeze-dried horse mackerel muscle
	Introduction
	Materials and methods
	Materials and sample preparation
	Measurement and modelling of aw
	Measurement and modelling of glass transition by DSC
	Glass transition of samples containing unfreezable water
	Glass transition of samples containing freezable water

	Measurement and modelling of freezing point by DSC
	Statistical analysis

	Results and discussion
	Sorption isotherm
	Thermal transitions by DSC
	Samples containing unfreezable water
	Samples containing freezable water

	Freezing point
	State diagram

	Conclusions
	Acknowledgement
	References


