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Abstract

Phase transitions of freeze-dried persimmon in a large range of moisture content were determined by differential scanning
calorimetry (DSC). In order to study this transitions at low and intermediate moisture content domains, samples were
conditioned by adsorption at various water activities (a,, = 0.11-0.90) at 25°C. For the high moisture content region, samples
were obtained by water addition. At ay, < 0.75 two glass transitions were visible, with T, decreasing with increasing water
activity due to water plasticizing effect. The first T, is due to the matrix formed by sugars and water. The second one, less
visible and less plasticized by water, is probably due to macromolecules of the fruit pulp. At a,, between 0.80 and 0.90 a
devitrification peak appeared after T, and before Tp,,. At this moisture content range, the Gordon-Taylor model represented
satisfactorily the matrix glass transition curve. At the higher moisture content range (a, > 0.90), the more visible
phenomenon was the ice melting. 7, appeared less visible because the enthalpy change involved in glass transition is
practically negligible in comparison with the latent heat of melting. In the high moisture content domain 7, remained
practically constant around Té (—=56.6°C). © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction glass transition temperature (7). Because there is an

important increase on molecular mobility across T,

The physical state of foods, including sugars and
biopolymers, has received increasing attention
because of its importance to food processing and
storage [1,2]. In the Food Polymer Science, one of
the most important properties used to characterize the
physical state is the glass transition, which involves
transition from a “glassy” solid to a “‘rubbery” liquid-
like state [1,3,4]. This change occurs within a tem-
perature range characteristic for each material and the
mid-point temperature of such change is taken as the
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this glass transition temperature is hypothesized to be
an important parameter for storage stability and qual-
ity of dried or frozen products [5,6].

According to Karmas et al. [7], non-enzymatic
browning phenomena are affected by glass transition.
Fan et al. [8] discussed the role of the glass transition
in determining product density and shape of extru-
dates. Some authors have studied the effect of drying
and/or osmotic dehydration on glass transition of
apples [9,10], tomatoes [11] and other plant materials
[12]. Others have studied frozen products [5,13].

In the case of frozen food, there is another important
property, called the glass transition of the maximally
freeze-concentrated glass (Té). The minimal moisture
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Nomenclature

Ay water activity

C parameter in Eq. (1)

AHg. enthalpy of devitrification (J g~ ")

AH, enthalpy of ice melting (J g~ ")

k, k' parameters in Egs. (2) and (5), respec-
tively

K parameter in Eq. (1)

q parameter in Eq. (5)

P correlation coefficient

Ty peak devitrification temperature (°C)

T, midpoint glass transition temperature
(K)

Té glass transition temperature of the
maximally freeze-concentrated materi-
al (°C)

Ty glass transition temperature of the dry
solids (K)

Tow glass transition temperature of pure
water (K)

T onset melting temperature (°C)

Xé water fraction of the maximally freeze-
concentrated material (gram water per
gram moist solids)

content where Té is visible corresponds to the unfreez-
able water content (Xé). According to Franks [14],
depending on the rate of cooling, the system will
consist of ice crystals embedded in an amorphous
glass matrix that has a characteristic glass/rubber
transition temperature, Té, above which it begins to
lose quality. The breakdown of structure above a
“collapse” temperature (which is related to T,) during
freeze-drying is considered to be a major contributor
to deteriorating product quality [12,15].

Water has a strong plasticizing effect on the food
matrix [1]. Thus, normally, the glass transition tem-
perature is plotted versus moisture content of product,
forming the glass transition curve. When the melting
temperature versus moisture content is also added to
the same plot, a state diagram is obtained [16-18].
Glass transition curves of animal [5,19,20] or vegetal
[6,8,11,12] products are relatively abundant in litera-
ture. State diagrams for aqueous solutions of pure
components and model systems are also easily found
in literature: sugars [1,16], starch hydrolysis products

[21], and proteins [22]. However, quantitative data
for natural foods are relatively scarce. Complete state
diagrams for this kind of material are found only for
onion, grape and strawberry [23,24], apple [9,10] and
pineapple [25,26].

Persimmon is a fruit produced in Brazil since the
last century that begins to interest industry [27,28].
Relevant property data for dehydration industry [27]
and for storage under refrigeration [28] may be found
in literature, but not for the freezing industry. So, the
objective of this work was to study the phase transi-
tions of freeze-dried persimmon and to draw the
corresponding state diagram for this material.

2. Materials and methods

Persimmon (Diospyros kaki L.) used in this study
was obtained at the local market. The fruits were hand
peeled, cored and picked, being immediately frozen
by immersion in liquid nitrogen and freeze-dried in a
Heto HD1 (Heto Lab Equipment).

To obtain results in the hygroscopic domain, freeze-
dried samples (1.0-1.6 g) were equilibrated over satu-
rated salt solutions (LiCl, MgCl,, K,CO3, Mg(NOs),,
NaNO,, NaCl, (NH,),SO,4, KCl, BaCl,) to maintain
the water activity (ay,) between 0.11 and 0.90, at 25°C
(£0.2°C) for 2-3 weeks [29]. To analyze samples with
higher water activities (ay > 0.90), the freeze-dried
samples were mixed with distilled water in order to
obtain 55-90% moisture content (w.b.). These sam-
ples were equilibrated at 4°C for 24 h before differ-
ential scanning calorimetry (DSC) analysis [26]. Their
water activity was determined at 25°C, with the help
of an Aqualab CX2 (Decagon Devices Inc.).

For DSC analysis, equilibrated samples of about
10 mg conditioned in hermetic TA aluminum pans,
were heated at 10°C min~ ", between —120 and 100°C,
in inert atmosphere (100 ml min~! of N,) in a DSC
TA2010 controlled by a TA5000 module (TA Instru-
ments, New Castle, DE, USA). The reference was an
empty aluminum pan. Liquid nitrogen was used for
sample cooling before the run. Freeze-dried samples
without preconditioning were also analyzed. The
remaining material was used for determining the
moisture content of samples, accomplished by drying
in a vacuum laboratory oven at 100 mmHg and 95°C,
for 48 h.
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When a devitrification peak occurred, the samples
were annealed at the devitrification peak temperature
for 30 or 60 min before the second scan. The midpoint
temperature of glass transition (7,), peak temperature
of devitrification (7y), onset temperature of ice melt-
ing (Ty,), and devitrification (AHy.) and ice melting
(AH,,) enthalpies were determined from the DSC
curves with the help of the software Universal Ana-
lysis V1.7F (TA Instruments). All analyses were
obtained in triplicate. All weighing (+0.1 mg) was
accomplished on analytical balance (SA210, Scien-
tech).

All regressions were made with the help of Statis-
tica software V.1.1.5 using the Quasi-Newton method
[30].

3. Results and discussion

Sample conditioning allowed to relate the equili-
brium moisture content with the respective water
activity at 25°C. These experimental points, obtained
in triplicate, are presented in Fig. 1. The shape of the
isotherm in the whole domain of water activity was
similar to that of pineapple previously obtained in a
similar work [26]. The behavior of data obtained by
adsorption (ay < 0.90) was identical to those observed
by Telis et al. [27] that determined absorption isotherms
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Fig. 1. Sorption isotherm of freeze-dried persimmon at 25°C;
Eq. (1).

of skin and pulp of persimmon between 20 and 70°C.
However, in the present work the product seemed to be
more hygroscopic. The monolayer moisture content,
calculated by fitting (r> = 0.995) the Guggenhein—
Anderson-De Boer (GAB) model (Eq. (1)) was
13.1% (d.b.) while Telis et al. [27] obtained 10.9%
and 11.3% (d.b.) for persimmon pulp and skin, respec-
tively.

Xws CKay,

Xm (1 — Kay)(1 — Kay + CKay) D

In Eq. (1), X is the moisture content in dry basis
and a,, the water activity. The GAB parameters C and
K, which are associated with the monolayer and
multilayer enthalpies, were calculated as 3.415 and
0.989, respectively.

The results of DSC analyses presented different
behaviors for each water activity domain. At
ay < 0.75 two glass transitions were visible (Fig. 2)
as a deviation in base line and shifted toward lower
temperatures with increasing moisture content and
water activity, due to plasticizing effect of water
[3]. The first one, well visible at lower temperatures,
corresponds to the glass transition of a matrix formed
by sugars and water. The second one, less visible and
less plasticized by water, is probably due to macro-
molecules of the fruit pulp. Two glass transitions are
normally visible in systems formed by blends of
polymers [31] and in edible films based on proteins
[32,33], due to phase separation between polymers
and between proteins and plasticizers, respectively.

At ay, between 0.80 and 0.90 (Fig. 3), a well visible
devitrification peak appeared after 7, and before T,.
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Fig. 2. DSC curves of freeze-dried persimmon in the low ay,
domain: (a) 0.11; (b) freeze-dried samples without conditioning;
(c) 0.33; (d) 0.43; (e) 0.53; (f) 0.64; (g) 0.75.
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Exothermal Heat Flow —
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Fig. 3. DSC curves of freeze-dried persimmon in the intermediate
a,, domain: (a) 0.80; (b) 0.83; (c) 0.90; with (- - -) and without (—)
annealing at Ty for 30 (a, b) or 60 min (c).

This phenomenon occurred because rapid cooling
resulted only in partial freeze-concentration of the
solution; during rewarming the increase of water
mobility caused crystallization of trapped amorphous
water [1,16,21]. Similar results in the same range of
water activity were obtained only by Sa et al. [10] with
apples. Sa and Sereno [23] with grape, Goff [17] with
diluted sucrose solutions, Roos [24] with strawberry
and Telis and Sobral [25,26] with pineapple, also
observed devitrification exotherms, but for samples
equilibrated at ay, > 0.84.

As expected, Ty decreased as a,, increased, prob-
ably due to the plasticizing effect of moisture. How-
ever, devitrification enthalpy presented a maximum at
ay = 0.84 (Table 1). In a more detailed study, Telis
and Sobral [26] have observed this same behavior.

These samples were submitted to isothermal anneal-
ing at T4. Thirty minutes were sufficient to eliminate

Table 1

Exothermal Heat Flow —

25 mWig ‘1 Wig
L80°C -60°C  -40°C

2100 550 0 50 100
Temperature (°C)

Fig. 4. DSC traces of freeze-dried persimmon in the high (>0.90)
a,, domain: (a) Xy, = 54.0%; (b) Xy = 59.7%; (c) X\ = 64.3%; (d)
Xw =70.3%; (e) Xw =80.8%; (f) Xw =90.4%; (g) the insert
displays the glass transition of sample with X,, = 90.4% more
visible (zoom).

the devitrification peak in samples conditioned at 0.80
and 0.84 of a,, but for ay = 0.90, 60 min were
necessary to complete elimination of peaks (Fig. 3).
As expected, T, of annealed samples were higher than
that of the non-annealed ones (Table 1), due to the
greater fraction of ice formed and consequent con-
centration of the amorphous glassy matrix [23,25].
In the higher moisture content range (ay > 0.90),
the ice melting was the more visible phenomenon
(Fig. 4). T, appeared less visible, because the heat
effect involved in glass transition is practically neg-
ligible in comparison with the latent heat of melting
(see detail in Fig. 4). These results are similar to those
obtained by Roos and Karel [13] with diluted sucrose
solutions, S& and Sereno [23] with fresh grape sam-
ples, and Telis and Sobral [26] with pineapple. In this

Phase properties of samples conditioned between 0.80 and 0.90 of water activity®

Properties Water activities
0.80 0.84 0.90

Non-annealed samples

Devitrification temperature (°C) —36.7 £ 0.5 —62.8 £ 2.6 —-70.2 £ 2.0

Devitrification enthalpy (J g~") 121+ 1.2 427+ 1.4 11.7 £ 2.8

Glass transition temperature (°C) —74.1 +£ 0.8 —84.5 + 0.6 —869 + 1.0
Annealed samples

Glass transition temperature (°C) —64.9 £ 0.1 —56.8 £ 0.3 —49.6 £ 0.2

* Average + S.D.



P.J.A. Sobral et al./ Thermochimica Acta 376 (2001) 83-89 87

350

310 A

270 A

Tg (K)

230 1

190 1

150
0.0 0.2 0.4 0.6 0.8 1.0
Moisture content (kg'kg, w.b.)

Fig. 5. State diagram of freeze-dried persimmon: () T, of matrix;
(A) T and (x) T, of macromolecules fraction.

last work, this behavior firstly appeared in the samples
conditioned at a,, = 0.90.

The values of the glass transition temperature of
non-annealed samples and the onset temperature of ice
melting, all of them considered as the average of
triplicates, plotted in function of moisture content
constitute the state diagram of persimmon (Fig. 5).
In the hygroscopic domain (ay, < 0.9), the plasticizing
effect of water is evident, with a great reduction of the
sugar matrix T, caused by increasing moisture content
and molecular mobility. At water activities higher than
0.90, the glass transition curve exhibited a disconti-
nuity, with a sudden increase of the glass transition
temperatures that approached a constant value, corre-
sponding to the glass transition of the maximally
freeze-concentrated amorphous matrix (Té =216.5
+1.5 K). Roos and Karel [13] and Telis and Sobral
[26] showed similar glass transition curves obtained
with diluted sucrose solution and freeze-dried pine-
apple, respectively. Such result led Telis and Sobral
[25] to conclude that the observed T, in freeze-dried
pineapple was mainly due to its sugar content.

The glass transition curve of the sugar matrix in the
higroscopic domain is a theoretical glass curve [3] and
may be represented by the Gordon-Taylor model
(Eq. (2)) for binary systems (Fig. 5). The following
parameters were calculated by non-linear regression:
k=477 and Tg = 406.6 K, with r2 = 0.990, using
Ty, = 138 K [3]. The Gordon-Taylor constant value
is the same calculated from the glass transition curve
of pineapple [26] and sucrose [18]. This reinforces the

conclusion of Telis and Sobral [25] that the T, is
mainly affected by the sucrose present in the fruits.

_ X Tgs + kX Tow
& X+ kX,

As expected, the melting temperature decreased
with decreasing water content. The intersection of
the extrapolated ice melting and glass transition
curves would be expected to occur at Té [1,3,23].
Considering that the empirical Eq. (3) fitted well
(r* = 0.982) the experimental points of T,,, the cal-
culated Té value is 218.1 K (—=55.0°C) that is close to
the value calculated by averaging the values of T,
(—56.6°C) in the high a,, domain.

2

Tm = 158.6 +226.2X,, — 115.6X2 A3)

The ice melting enthalpy varied linearly
(r* = 0.984) with moisture content of products
according to Eq. (4) (Fig. 6). The extrapolation of
Eq. 4) to AH, =0 allowed calculation of the
unfreezable water content (X;) corresponding to the
maximally freeze-concentrated material [13].

AH,, = 460.3X,, — 180.2 “4)

The unfreezable water content determined through
Eq. (4) was 0.39 g water per gram moist solids. The
value of Xé predicted from intersection of Eq. (2) with
Eq. (3) was 0.33 and with horizontal line of
Té = —56.5°C was 0.34 g water per gram moist
solids. Telis and Sobral [26] also observed that the
use of Eq. (4) overestimated Xg,. On the other hand, Sa

250

200 A

150 A

AH (J/g)
e}

O T T T
0.0 0.2 0.4 0.6 0.8 1.0
Moisture content (kg/'kg, w.b.)

Fig. 6. Enthalpy of ice melting (AH,,) as function of moisture
content.
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and Sereno [23] observed that Xé calculated through
regression of AH,, versus moisture content were, in
general, lower than those corresponding to Té values
obtained from the DSC curves of annealed samples.

The glass transition observed at low and higher
temperatures is supposed to be due to fruit sugars
and macromolecules, respectively. In fact, the freeze-
dried samples had 96.1 g of total sugars (8.0 g sucrose,
45.0 g glucose and 43.1 g fructose)/100 g of dry solids
and 3.7 g of pectin/100 g of dry solids, determined in
triplicate by classical methods [34,35].

The higher T, was also reduced by water (Fig. 5),
but generated a practical glass transition curve [3], in
the sense that it tends to an asymptotic value other
than T,,. In this situation, the Kwei model (Eq. (5)) is
the most appropriated to represent the experimental
data.

Xy Ty + KXy Ty

= X Xw 5
g X, + kX, + gXs (5)

Eq. (5) could be adequately fitted to experimental
points, with the following parameters calculated by
non-linear regression: k' = 4.46, Ty = 370.3K and
g = 432.0 K, with 2 = 0.906. This model has been
successfully used to represent practical glass transition
curve of several products including fruits [25] and
biopolymers [20].

4. Conclusions

Differential scanning calorimetry proved to be an
adequate method to determine glass transition tem-
peratures in freeze-dried samples of persimmon,
allowing to obtain a state diagram for such material.
Gordon—Taylor model could adequately represent the
sugar matrix glass transition curve, while the Kwei
model produced a good fit of the higher temperature
transitions, which were observed with low moisture
samples and were attributed to the presence of natural
macromolecules behaving like a separated phase. In
an intermediate moisture range (0.80 < ay < 0.90)
devitrification peaks were observed, which disap-
peared after annealing for a period ranging from 30
to 60 min. In the high moisture range, samples exhib-
ited a constant glass transition value of —56.6°C,
which corresponds to the maximally concentrated
solid matrix glass transition Té.
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