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a b s t r a c t

A state diagram of bovine gelatin was developed by measuring the freezing curve, glass transition, unfold-
ing, solids-melting lines, and ultimate maximum-freeze-concentration conditions. The freezing point
decreased with the increase of solids; whereas glass transition, unfolding, and solids-melting decreased
with the decrease of solids up to solids content 0.84 g/g gelatin and then remained constant. The freezing
point, glass transition and solids-melting were modeled by Chen’s model based on the Clausius-Clapeyron
eywords:
lass transition
reezing point
n-freezable water
nfolding temperature
aximal-freeze-concentration condition

equation, modified Gordon-Taylor model, and Flory’s equation, respectively. The ultimate maximum-
freeze-concentration conditions were found as (T ′

m)u equal to −11.9 ◦C and (T ′′′
g )

u
equal to −14.9 ◦C, and

the characteristic solids content, X ′
s as 0.80 g/g sample (i.e. un-freezable water, X ′

w = 0.20), respectively.
Similarly the value of Tiv

g (i.e. intersection of vertical line passing through T ′
m and glass transition line)

was estimated as 34 ◦C.
© 2010 Elsevier B.V. All rights reserved.
olids-melting temperature

. Introduction

Gelatin is a biopolymer that has very broad applications in
he food, pharmaceutical and photographic industries. In the food
ndustry gelatin is widely used as a gelling agent. Skin and bone
rom bovine (beef source) and porcine (pork source) have been usu-
lly utilized commercially in gelatin production. In recent years, fish
kin gelatin has gained importance as the demand for non-bovine
nd non-porcine gelatin increased. The quality of a gelatin for a par-
icular application depends largely on its structural functionality, as
ell as its physico-chemical properties that are greatly influenced
ot only by the species or tissue from which it is extracted, but also
y the severity of the manufacturing method.

Collagen of connective tissue can be hydrolyzed into food grade
elatin used as functional ingredient for different products. Colla-
en comprises a triple helix structure which forms fibers, arranged
n bundles, which are kept together by the connective tissue matrix.
hen subjected to acid or alkaline hydrolysis, a mild degradation
rocess occurs and the fibrous structure of collagen is broken down

rreversibly due to the rupture of covalent bonds. Soluble collagen
enatures due to the breakdown of hydrogen and probably elec-

∗ Corresponding author. Tel.: +968 24141273; fax: +968 24413418.
E-mail address: shafiur@squ.edu.om (M.S. Rahman).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.06.011
trostatic bonds in hot water (40 ◦C). This process destroys the triple
helical structure of collagen to produce one, two or three random
chain gelatin molecules that give a high viscosity solution in water
[1].

The physico-chemical properties of gelatin depend on several
factors including the method of preparation and intrinsic prop-
erties of collagen. In addition to the processing conditions, other
factors, such as species, breed, age, manner of feeding the animal,
and storage conditions of raw skin also affect the characteris-
tics of extracted gelatin [2]. Obtaining the proper functionality is
dependent upon the conformational structure of the protein. It
is important to understand thermal characteristics, such as glass
transition, freezing point, thermal unfolding, solids-melting, and
deterioration of gelatin in order to know its structural character-
istics. Glassy materials have been known for centuries but it was
only in the 1980s that the technology started to be purposefully
applied to foods and a scientific understanding of these systems
started to evolve [3]. The early papers concerning glass transition in
food and biological systems appeared in the literature in the 1960s
[4,5]. Glass transition is a second-order time-temperature depen-

dent transition, which is characterized by a discontinuity or change
in the slope of physical, mechanical, electrical, thermal and other
properties of a material when plotted as a function of tempera-
ture [6–9]. Food materials are in an amorphous or non-crystalline
state and below the glass transition temperature materials are rigid

dx.doi.org/10.1016/j.tca.2010.06.011
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:shafiur@squ.edu.om
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peaks) characteristics were identified from the thermogram. Glass
transition was analyzed for the onset, mid, end points of the shift
12 M.S. Rahman et al. / Thermo

nd brittle. Glasses are not crystalline with a regular structure, but
etain the disorder of the liquid state [10]. Physically it is a solid but
t more closely resembles a thermodynamic liquid. Duckworth [11]

easured solute mobility in relation to water content and water
ctivity and molecular motions are fundamental to the glass transi-
ion of polymers [12]. Molecular mobility increases 100-fold above
lass transition [9,13–15]. The thermal stability of proteins can be
efined as the temperature at which it denatured. An endothermic
henomenon at denatured state was largely attributed to hydrogen
ond disruption leading to unfolding of protein [16]. The adsorption
f water by dehydrated globular proteins reduced their thermal
tability. As moisture content increased, the protein denaturation
emperature decreased until reached a plateau, where a further
ncrease in moisture did not promote additional lowering [17].
olids-melting is usually defined as the temperature when crys-
alline state of a food material is lost. Freezing point is considered
s the temperature when ice is formed in the sample, and it is a first
rder transition since latent heat is involved.

D’Cruzand and Bell [17] measured the glass transition, ther-
al unfolding and solids-melting of gelatin as a function of water

ontent for high solids (i.e. gelatin containing un-freezable water).
lass transition and solids-melting of gelatin at few moisture lev-
ls were also reported in the literature [18–22]. Rahman et al.
23] determined the glass transition, unfolding, solids-melting and
ecomposition temperature of gelatin from different sources at
hree levels of moisture content. Badii and Howell [24] measured
he enthalpy and mechanical relaxation of glassy film of gelatin
ontaining water of 0.08, 0.12 and 0.17 g/g gelatin, respectively.

Most utility of thermal transitions is made in the state diagram
hich in its simplest form represents the pattern of changes in the
hases or states of a material as a function of increasing solids (or
oisture content) and temperature [25–27]. Levine and Slade [28]

resented state diagram of providone N-vinyl pyrrolidone (PVP)
ontaining glass line, freezing curve, and intersection of these lines
s characteristics temperature T ′′

g . This is most probably the first
tate diagram in the food science literature. Later they presented
nother state diagram by glass line, freezing curve, melting line,
apor line, eutectic point, and T ′′

g (Levine and Slade [29]). The con-
ept of state diagram was also thoroughly reviewed by Roos and
arel [25] and Roos et al. [30]. The state diagram of date [27,31],
ixtures of trehalose, albumin, gelatin, and corn starch [32], rice

33], and spaghetti [34] were presented considering mainly glass
ine, freezing curve, and maximal-freeze-concentration condition.
he ultimate maximal-freeze-concentration is usually defined as
he temperature (T ′

m) when all possible freezable water is trans-
ormed into ice and consequently the corresponding solids content
s considered as X ′

s (i.e. un-freezable water, X ′
w = 1 − X ′

s). The main
dvantage of drawing a map as state diagram is to help in under-
tanding the complex physical and chemical changes when food’s
ater content and temperature are changed. It also assists in iden-

ifying food’s stability during storage as well as selecting a suitable
ondition for processing (i.e. temperature and water content).

Recently, Rahman [8] reviewed the updated form of the
tate diagram and its applications in foods. The components
f the state diagram were also presented. The glass transition
emperature, freezing point, end point of freezing, maximal-
reeze-concentration condition, solids-melting, vapor line and
ET-monolayer line are necessary to develop the proposed sate
iagram [8,9]. In the literature a few works are presented for the
hermal characteristics required to construct the complete state
iagram of gelatin. The objective of this study was to develop the
tate diagram of bovine gelatin by measuring its glass transition,
reezing, unfolding, solids-melting characteristics and ultimate
aximal-freeze-concentration conditions by differential scanning
alorimetry (DSC). In addition freezing point was also measured by
idely accepted cooling curve method.
a Acta 509 (2010) 111–119

2. Materials and methods

2.1. Materials

Commercial bovine gelatin was bought from Sigma-Aldrich,
Gillingham, Dorset, UK (gelatin powder: catalogue number: G
9382). Moisture content of the bovine gelatin was measured gravi-
metrically using an oven at 105 ◦C for at least 18 h of drying.

2.2. Sample equilibration at different water activity

Samples (about 5 g) were stored in air-sealed glass jars (main-
tained at different relative humidity environment) with a beaker
containing saturated salt solutions maintaining a layer of salt crys-
tals at the bottom. A 5 ml beaker containing thymol was also placed
inside the jars of higher water activity to prevent mold growth dur-
ing storage. The temperature of equilibration and duration were
20 ◦C and 4 weeks, respectively. The salts used to prepare solution
for maintaining relative humidity were: LiCl2, CH3COOK, MgCl2,
K2CO3, Mg(NO3)2, NaBr and SrCl2. The water activity of the sam-
ples were varied from 0.113 (Xw: 0.049 g/g gelatin) to 0.877 (Xw:
0.209 g/g gelatin) using constant relative humidity environments
as mentioned above. Samples containing lower moisture contents
were prepared by drying the bovine gelatin in a convection oven
at 105 ◦C (i.e. sample containing moisture below 0.049 g/g sam-
ple). Samples at moisture contents 0.13, 0.16, and 0.19 g/g sample
were prepared by placing it in airtight jars with beakers contain-
ing distilled water. The samples were kept inside until it reached
to a predetermined weight and then the samples were stored in
an airtight glass bottle at 4 ◦C for at least 2 days in order to reach
uniform moisture distribution. Samples containing higher moisture
content (Xw: 0.25–0.90 g/g sample) were prepared by adding pre-
determined distilled water with thorough mixing with a spatula.
The samples were then stored in airtight glass bottles at 4 ◦C for at
least 2 days for achieving uniform moisture distribution. All equili-
brated, dried, water mixed samples at different moisture contents
were stored at −20 ◦C until used for DSC measurement or freezing
point by cooling curve method.

2.3. Differential scanning calorimetry (DSC)

The freezing, unfolding, glass transition, solids-melting, and
decomposition temperatures of gelatin samples at different mois-
ture content were measured by differential scanning calorimetry
(DSC Q10, TA Instruments, New Castle, DE, USA). Mechanical refrig-
erated cooling system was used to cool the sample up to −90 ◦C. The
instrument was calibrated for heat flow and temperature using dis-
tilled water (m.p. 0 ◦C; �Hm 334 J/g), and indium (m.p. 156.5 ◦C;
�Hm 28.5 J/g). Aluminum pan of 30 ml, which could be sealed with
lid were used in all experiments with an empty sealed pan as refer-
ence. Nitrogen at a flow rate of 50 ml/min was used as a carrier gas.

2.4. Thermal analysis of samples containing un-freezable water

Samples (containing un-freezable water, Xw: 0.0–0.209 g/g sam-
ple) of 10 mg placed in a sealed aluminum pan were cooled to
−90 ◦C at 5 ◦C/min, and kept for 10 min. It was then scanned from
−90 to 350 or 250 ◦C at a rate of 10 ◦C/min. The glass transition
(a shift in the thermogram line), thermal unfolding (endother-
mic peak after glass transition), solids-melting (endothermic peak
after unfolding), and decomposition (exothermic and endothermic
in the thermogram line including change in specific heat during
the shift. Thermal unfolding and melting peaks were characterized
from initial, maximum slope and peak points and enthalpy involved
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n the transitions. Average and standard deviation of 3–6 repli-
ates were obtained for each experiment. Similarly thermogram
ine with glass transition, thermal unfolding, and solids-melting

as also measured for egg albumin and gelatin mixture [24], and
elatin [17–19,21,23]. However, it was identified earlier that abil-
ty to trace thermal unfolding in the therogram depended on the
ypes of gelatin as well as their moisture contents [21–23]. In some
nstances the glass transition shift was merged with the thermal
nfolding or solids-melting endotherm when thermal unfolding
as absent [17,21–24]. In this situation when it was difficult to

race the glass transition or it is merged with the endotherm, then
second scan was performed after an initial scan above the solids-
elting, followed by cooling below the glass transition and then

eating again. In this type of protocol a clear glass transition can be
raced [17,21,22,35]. However, this approach was unable to main-
ain the original structure of the sample when second heating scan
as used to trace the glass transition [18]. For this reason, in this
ork glass transition was determined only from the first scan.

.5. Thermal analysis of samples containing freezable water

A different procedure was used for high water content sam-
les with freezable water (Xo

w: 0.25–0.90 g/g gelatin). First it was
dentified that sample containing total water 0.25 g/g gelatin or
bove showed endothermic peak for ice melting during heating.
ample of 10 mg of bovine gelatin powder (Xo

w: 0.25 g/g sample)
laced in a sealed aluminum pan were cooled to −90 ◦C at 5 ◦C/min,
nd kept for 10 min. The sample was then scanned from −90 ◦C
t 10 ◦C/min to 100 ◦C in order to determine freezing point and
pparent maximal-freeze-concentration condition [(T ′

m)a and (T ′′′
g )

a
].

fter knowing the apparent (T ′
m)a and (T ′′′

g )
a
, other samples were

canned similarly with 30 min annealing at [(T ′
m)a − 1] ◦C and then

nnealed maximal-freeze-concentration (T ′
m)n and (T ′′′

g )
n

were deter-
ined. The use of annealing condition allowed to maximize the

ormation of ice before second heating cycle and to avoid the
ppearance of exothermic or endothermic peak before the glass
ransition. Similar annealing condition was used by Bai et al. [36]
or apple sample. Samples with other moisture contents were also
nnealed at same conditions as mentioned above. The ultimate
aximal-freeze-concentration conditions were determined as fol-

ows: first the average values of the (T ′
m)n and (T ′′′

g )
n

was determined
hen these values showed nearly constant at low moisture con-

ents, and the average values were defined as (T ′
m)u and (T ′′

g )
u
. The

alue of maximal-freeze-concentration (X ′
s) was determined from

he intersection point of the extended freezing curve (TFM versus Xs)
y maintaining the similar curvature and drawing a horizontal line
assing through ultimate (T ′

m)u. Finally X ′
s was read on the x-axis

y drawing a vertical line passing through the intersection point
s mentioned above. The freezing endotherm was characterized by
nset, maximum slope, peak, and enthalpy for melting of ice during
eating. The initial or equilibrium freezing point was considered as
he maximum slope in the ice melting endotherm as suggested by
ahman [27]. The latent heat of fusion of ice was determined by
alculating the area of the ice melting endotherm. Similarly the
haracteristics of unfolding, and solids-melting endotherm were
etermined.

.6. Cooling curve method

Initial freezing point (TFI) of gelatin solution at different mois-
ure contents was also measured by the cooling curve method [37].

he gelatin samples of different water content were filled into steel
ylinders (2.2 cm internal diameter, 4.5 cm height, 1 mm wall thick-
ess), insulated with polystyrene foam at the top and bottom to
llow one dimensional heat transfer, i.e. heat conduction in radial
irection only. K-type thermocouples were placed at the geomet-
a Acta 509 (2010) 111–119 113

ric center of the cylinder in order to monitor its temperature. The
steel cylinder containing gelatin was then placed in a chest freezer
maintained at −55 ◦C and the temperature change was recorded
with time. The freezing characteristics were determined from the
cooling curve (i.e. temperature versus time plot). The initial freez-
ing point was determined from the procedure proposed by Rahman
et al. [38]. At the onset of ice formation, a sudden rise in temper-
ature was noticed due to the liberation of heat of fusion, and this
assisted in detecting the initial freezing point. The initial or equi-
librium freezing point was considered as the highest temperature
after the nucleation of ice.

2.7. Theoretical approach

The theoretical Clausius-Clapeyron equation was first used to
estimate the freezing point of bovine gelatin, and the equation can
be written as:

ı = − ˇ

�w
ln

[
1 − Xo

s

1 − Xo
s + EXo

s

]
(1)

where ı is the freezing point depression (Tw − TFM), TFM is the freez-
ing point of food (◦C), Tw is the freezing point of water (◦C), ˇ is the
molar freezing point constant of water (1860 kg K/kg mol), �w is
the molecular weight of water, Xo

s is the initial solids mass fraction
before freezing (g/g sample), and E is the molecular weight ratio
of water and solids (�w/�s). The model parameter E was estimated
using SAS non-linear regression [39].

The Clausius-Clapeyron equation is limited to the ideal solution
(i.e. for a very dilute solution). Theoretical models can be improved
by introducing parameters for non-ideal behavior when fraction
of total water is unavailable for the formation of ice. The unfrozen
water content B can be defined as the ratio of unfrozen water to the
total solids. Chen [40] extended the Clausius-Clapeyron (Eq. (1)) by
introducing a parameter B as:

ı = − ˇ

�w
ln

[
1 − Xo

s − BXo
s

1 − Xo
s − BXo

s + EXo
s

]
(2)

The model parameters E and B were estimated using SAS non-
linear regression. The influence of water content on glass transition
temperature is commonly modeled by Gordon-Taylor equation
[41]:

Tgm = XsTgs + kXwTgw

Xs + kXw
(3)

where Tgm, Tgs and Tgw are the glass transition temperature of mix-
ture, dry solids, and water; Xw and Xs are the mass fraction of water
and dry solids (wet basis, g/g sample), and k is the Gordon-Taylor
parameter, respectively.

The melting point (loss of crystal state) of a polymer in diluent
can be predicted by equation proposed by Flory [42] as:

1
Tmi

− 1
Ts

mi

=
(

R

�Hu

)(
Vu

Vw

)
(εw − �ε2

w) (4)

where Tmi and Ts
mi

are the onset of melting temperature for the
polymer in the diluent, and pure polymer (i.e. solids) (K), R is the gas
constant (8.314 kJ/kg mol K), �Hu is the heat of fusion for repeated
polymer units in the diluent (kJ/kg), Vw is the molar volume of the
diluent (m3/g mol), εw is the volume fraction of the diluent, and �
is the Flory interaction parameter, respectively. This equation has
been applied to the melting of starch as a polymer with water as

a diluent [43–46]. The volume fraction of water was calculated as
(Rahman [65]):

εw = Xw/�w

Xw/�w + Xp/�s
(5)
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The density values of water and gelatin (considered as protein)
s a function of temperature were estimated from the correlations
eveloped by Choi and Okos [47], and Ts

mi
was considered as 508 K

i.e. 235 ◦C).
Various methods have been used to predict the un-freezable

ater content (X ′
w) at the maximal-freeze-concentration condition.

he method proposed by Levine and Slade [28] was based on the
etermination of �Hm for a solution at solids content at 0.20 g/g
olution, which provided a fast method to determine approxi-
ately the un-freezable water content. The un-freezable water can

e calculated from the following equation as:

′
w = Xo

w − (�Hm)sample

(�Hm)water
(6)

here (�Hm)sample is the enthalpy change during melting of ice in
he sample, and (�Hm)water is the latent heat of melting of ice con-
idered as 334 kJ/kg. Alternatively (�Hm)sample with the moisture
ontent, and un-freezable water content was calculated from the
inear relationship extending to zero values of (�Hm)sample [48].

. Results and discussion

.1. Sample containing un-freezable water

The moisture content of the commercial bovine gelatin was
etermined as 0.097 g/g gelatin. Fig. 1A shows DSC thermogram
f the sample containing un-freezable water (moisture: 0.036 g/g
elatin) within the temperature range 0–350 ◦C. This thermogram
ndicates glass transition (shift in thermogram line, marked as
A’), thermal unfolding (endothermic peak, marked as ‘B’), solids-

elting (endothermic peak, marked as ‘S’), and decomposition
exothermic and endothermic peaks, marked as ‘D’ and ‘E’), respec-
ively (Fig. 1A). All other samples were performed within the range
–250 ◦C in order to identify glass transition, thermal unfolding and
olids-melting (Fig. 1B). The glass transition was identified as onset,
eak and end of the shift (marked as ‘A’) in the thermogram line, and
ndothermic peak as identified B (thermal unfolding) and S (solids-
elting) was characterized as peak (marked as ‘p’), maximum slope

marked as ‘m’), extended line of maximum slope to the base of
hermogram line (marked as ‘i’), and end of peak (marked as ‘e’). In
he cases of bovine gelatin only one melting endothermic peak was
bserved. However, wheat and potato starch showed single and
ultiple melting endothermic peak(s) with varying nature of sharp

r wide. The shape of the melting peak depended on the moisture
ontent in the sample [49–51]. This suggested the presence of dif-
erent levels or types of organized structure in the starch granules.
he thermal unfolding, glass transition and melting temperature
ecreased with the decrease of solids content up to 0.85 g/g gelatin,
nd then remained constant with further decrease in solids content
i.e. increase of water content) (Table 1). Similar result for denat-
ration of protein was also reported by D’Cruzand and Bell [17].
he difference between glass transition and melting temperature
emained nearly similar over the solids content, whereas the dif-
erence between melting and unfolding temperature was higher
t low solids content. As the solids content decreased (i.e. mois-
ure content increased), hydrogen bond disruption associated with
he helix-coil transition was easier leading to melting just after
nfolding.

The endothermic peak for denaturation was related to the helix-
oil transition as described by Marshall and Petrie [19], Sobral et al.
21] and Levine and Slade [52]. The large endothermic peak (i.e.
elting) was first discussed by Levine and Slade [52] and hypoth-
sized that this thermal transition represented an intramolecular
rans-cis isomerization of the polyproline regions of gelatin’s pep-
ide backbone, which required energy input. D’Cruzand and Bell
17] scanned gelatin to different temperatures within the peak, Ta
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Fig. 1. (A) DSC thermogram of bovine gelatin containing water 0.036 g/g bovine (no freezable water). (B) DSC thermogram of bovine gelatin containing water 0.049 g/g
s water
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ample (no freezable water). (C) DSC thermogram of sample showing freezing of
hermogram (with annealing at [(T ′

m)a − 1] for 30 min) of sample showing no free
elting of ice, a endothermic peak for melting of ice (marked as ‘M’), and another

nnealed maximal-freeze-concentration condition (Xo
w: 0.25 g/g sample).

nd observed different degrees of discoloration immediately after
utting the sample. For example, a sample heated to a temper-
ture immediately after the onset of the large peak was dark
ellow, whereas a sample heated to a temperature beyond the peak
as dark brown to black. This indicated that isomerization and/or
ecomposition reactions could occur during the melting process.
arshall and Petrie [19] and Slade and Levine [53] proposed that

eating the sample beyond the glass transition caused a disruption
f the crystalline (or highly structured) regions and gelatin behaves
s a molecularly dispersed melted plastic.

.2. Sample containing freezable water

Fig. 1C shows cooling and heating (at 10 ◦C/min) DSC thermo-
rams for gelatin with high moisture content indicating ice forming
xotherm (marked as ‘F’) due to the freezing of water during cool-
ng and ice melting endotherm (marked as ‘M’) during heating.
t low moisture content the freezing exotherm cannot be traced
uring cooling as shown in Fig. 1D. In the case of sample contain-

ng 0.25 g/100 g gelatin, cooling and heating scan was performed
ithout annealing in order to determine apparent maximal-freeze-

oncentration condition [(T ′
m)a and (T ′′′

g )
a
]. The values of (T ′

m)a and
T ′′′

g )
a

were found as −13.5 and −16.5 ◦C, respectively for sample
ontaining 0.25 g/100 g sample. Fig. 1D shows a typical thermogram

ith cooling and heating of annealed sample at T ′

m − 1 for 30 min
or achieving annealed maximal-freeze-concentration condition
(T ′′′

g )
n

and (T ′
m)n] at various moisture content. The shift before ice

elting endotherm marked as ‘M’ and following unfolding peak
s marked as ‘B’. In this case, glass transition can be considered
during cooling and melting of ice during heating (Xo
w: 0.90 g/g sample). (D) DSC

f water during cooling; a shift (marked as ‘A’) in the thermogram line just before
hermic peak for unfolding during heating (marked as ‘B’); (T ′

m)n and (T ′′′
g )

n
are the

from the shift before ice melting endotherm in the thermogram line
as annealed maximal-freeze concentration conditions [(T ′′′

g )
n

and
(T ′

m)n] merged with the ice melting endotherm. The values of (T ′′′
g )

n
decreased up to solids content 0.5 g/g gelatin and then it remained
nearly constant (Table 2). Similar trend was also observed for (T ′

m)n
up to solids content 0.4 g/g gelatin. The ultimate maximal-freeze-
concentration conditions was estimated from the average values
(T ′′′

g )
u

as −14.9 ◦C (Xs: 0.5–0.25 g/g gelatin) and (T ′
m)u as −11.9 ◦C

(Xs: 0.4–0.25 g/g gelatin), respectively.
The effect of heating rate on the freezing point and apparent

maximal-freeze-concentration condition are also studied in order
to determine which heating rate should be used to measure the
characteristics of the freezing process. Fig. 2 shows the effect of
heating rate on the freezing point (TFM), enthalpy at the ice melting,
and apparent maximal-freeze-concentration condition (T ′

m)a, and
(T ′′′

g )
a
. Fig. 2A shows that TFM increased initially, reached to a plateau

region within the heating rate 10–30 ◦C/min and then increased
again. The completeness of melting process can be explained from
the enthalpy at the ice melting endotherm as shown in Fig. 2B.
The plateau region within the heating rate 10–30 ◦C/min indi-
cated the maximum possible melting of ice. Thus heating process
within the 10–30 ◦C/min should be used to determine the heat-
ing (i.e. representation of the freezing) process by DSC method.
The effect of heating rate on (T ′

m)a was observed similar to the TFM
′′′
(Fig. 2C), whereas (Tg )

a
initially increased exponentially followed

by a relatively linear rise after heating rate 10 ◦C/min (Fig. 2D). In
this work the heating rate was used as 10 ◦C/min, since maximum
instantaneous melting of ice was achieved with in the heating rate
10–30 ◦C/min (Fig. 2B).
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Table 2
Glass transition and maximal-freeze concentration conditions of bovine gelatin.

Xw Melting of ice Glass transition Thermal unfolding

TFC (◦C) TFM (◦C) TFP (◦C) �Hice (kJ/kg) (T ′
m)n (◦C) (T ′′′

g )
n

(◦C) �Cp (J/kg K) Tui (◦C) Tum (◦C) Tup (◦C) �Hu (kJ/kg)

0.25 −11.0 (3.0) −9.0 (0.6) −5.7 (3.5) 7 (2) −12.7 (1.6) −15.7 (2.3) 490 (161) 33.8 (1.1) 35.5 (0.9) 54.1 (0.9) 8.0 (2.2)
0.30 −9.7 (0.5) −7.1 (0.4) −3.7 (0.4) 17 (4) −11.7 (1.9) −14.7 (2.4) 633 (102) 32.9 (1.5) 34.7 (1.5) 61.0 (1.4) 13.2 (1.9)
0.35 −8.7 (0.8) −5.6 (1.3) −2.1 (1.3) 36 (8) −11.3 (1.8) −13.6 (2.7) 1023 (765) 31.3 (1.6) 32.8 (1.8) 53.6 (1.6) 10.5 (1.1)
0.40 −6.7 (2.7) −3.5 (2.8) 0.3 (4.9) 62 (15) −11.7 (4.3) −14.7 (2.8) 1016 (150) 31.3 (7.6) 35.2 (1.6) 52.7 (8.2) 8.2 (2.6)
0.50a −4.7 (1.0) −2.7 (0.3) 0.3 (2.0) 108 (21) −9.7 (1.5) −15.7 (1.3) 1197 (150) 25.9 (8.8) 29.3 (5.7) 41.7 (4.8) 4.9 (3.3)
0.60 −3.7 (0.2) −1.8 (0.2) 3.3 (2.6) 177 (17) −8.7 (0.8) −10.7 (0.8) 1654 (114) 30.9 (1.8) 32.4 (1.5) 41.8 (0.5) 4.0 (0.5)
0.70 −3.4 (0.2) −1.2 (0.4) 1.3 (1.0) 208 (12) −6.7 (0.9) −6.7 (0.9) 1909 (384)
0.80 −3.3 (0.3) −1.1 (0.5) 5.3 (0.8) 241 (13) −4.7 (0.9) −5.7 (1.2) 1968 (300)
0.90b −2.7 (0.4) −0.2 (0.7) 3.3 (1.6) 248 (11) −3.7 (1.0) −5.7 (0.9) 2022 (198)

N

t
r
f
f
s
w
f

S
s
t
f
r
d
b
0

F
f
f

ote: DSC heating rate: 10 ◦C/min.
a TFI = −3.2 ± 0.87 ◦C (cooling curve method).
b TFI = −0.33 ± 0.06 ◦C (cooling curve method).

The value of E was estimated as 0.029 from Eq. (1), and the effec-
ive molecular weight of gelatin solids was estimated as 614. The
eported values of E were found to be 0.147 for dates [27], 0.238
or apples [36], 0.068 for garlic [54], 0.082 for squid [55], and 0.071
or tuna meat [38], respectively. Interestingly it could be seen that
ugar based product showed higher values of E (i.e. low molecular
eight) compared to non-sugar carbohydrate and protein based

ood product.
The model parameters E and B of Eq. (2) were estimated using

AS non-linear regression and found to be 0.026 and 0.050 g/g dry
olids (in wet basis, unfrozen water, X ′

w = 0.048; and solids con-
ent, X ′

s = 1 − 0.048 = 0.952), respectively. The mean square error
rom experimental data using Eqs. (1) and (2) were 0.14 and 0.12,

espectively. This indicates that more accurate prediction can be
one using Eq. (2). The reported values of E and B were found to
e 0.129 and 0.053 for dates [27], 0.080 and −0.062 for garlic [54],
.012 and 0.329 for rice [33], 0.033 and 0.383 for tuna [38], 0.027

ig. 2. (A) The plot of TFM as a function of heating rate for gelatin containing moisture 0
or gelatin containing moisture 0.60 g/g sample. (C) Plot of (T ′

m)a as a function of heating
unction of heating rate for gelatin containing moisture 0.60 g/g sample.
and 0.303 for king fish [56], 0.067 and 0.120 for squid, 0.041 [55],
0.041 and 0.650 for fresh seafood [55], respectively. However X ′

w
estimated from B was found to be 0.048 g/g gelatin, which was rel-
atively very low compared to the other methods (as discussed later)
although mathematical accuracy in prediction of freezing point
could be achieved. When parameters are estimated by non-linear
regression using experimental data, Eq. (2) is transformed to the
empirical nature although it is based on the physics. This is one of
the generic problems when theoretical-based model is extended to
fit the experimental data [27].

3.3. State diagram
Fig. 3A shows the freezing point (maximum slope of heat
flow, and initial freezing point from cooling curve) and annealed
maximal-freeze-concentration condition [(T ′′′

g )
n

and (T ′
m)n] as a

function of solids content. The freezing curve as ef represents the

.60 g/g sample. (B) The plot of melting enthalpy of ice as a function of heating rate
rate for gelatin containing moisture 0.60 g/100 g sample. (D) Change of (T ′′′

g )
a

as a
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Fig. 3. (A) State diagram showing freezing curve, annealed and ultimate maximal-freeze concentration conditions; ef: freezing curve, ab: ultimate T ′
m , cd: ultimate T ′′′

g , F: X ′
s ,

series 1: freezing point measured by DSC method, series 2: initial or equilibrium freezing point measured by cooling curve method, series 3: annealed T ′
m , series 4: annealed

T ′′′
g , series 5: prediction model based on Eq. (2). (B) Experimental onset of glass transition temperature and Gordon-Taylor model equation for k = 1, 5, 7 and 10, series 1:

experimental values, series 2: T ′
m , series 3: T ′′′

g , series 4: k = 1, series 5: k = 5, series 6: k = 7, series 7: k = 10. (C) Experimental onset of glass transition temperature, original
Gordon-Taylor model equations (Eq. (3), for k = 1, 5, 7 and 10) and modified (Eq. (7)), series 1: experimental values, series 2: T ′ , series 3: T ′′′ , series 4: k = 1, series 5: k = 5,
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eries 6: k = 7, series 7: k = 10, series 8: modified Gordon-Taylor model (Eq. (7)). (D
xperimental values, series 2: Flory’s equation.

ormation of ice from solution and it has a negative gradient show-
ng the expected decrease in the freezing point with increasing
oncentration of solids. The procedure to determine X ′

s for the ulti-
ate maximal-freeze-concentration is shown in Fig. 3A. The value

f X ′
s was determined from the intersection (point ‘P’ in Fig. 3A)

f the extended freezing curve ef by maintaining the similar curva-
ure (theoretical prediction model, Eq. (2)) and a horizontal line (ab)
assing thorough (T ′

m)u = −11.9 ◦C (as point ‘P’ in Fig. 3A). Finally X ′
s

as read, on the x-axis by drawing a vertical line passing through
oint ‘P’, as 0.80 g/g gelatin. The un-freezeable water content can be
stimated as (X ′

w = 1 − X ′
s) and the water in the right side of the ver-

ical line PF in Fig. 3A did not show any freezable water (i.e. unable
o form ice even at very low temperature). Thus, un-freezable water
etermined from state diagram was found to be 0.20 g/g gelatin.

The Gordon-Taylor model based on Eq. (3) is plotted in Fig. 3B for
ifferent values of k as 1, 5, 7, and 10 with the experimental onset
f glass transition temperature of gelatin. At low moisture con-
ent glass transition decreased with the increase of solution water
ontent due to plasticization, whereas at or above 0.16 g/g gelatin
oisture content (i.e. 0.84 g/g gelatin) glass transition showed

early constant values (Table 2). In the case of starch, Biliaderis
t al. [50] observed fully plasticization at moisture content 0.30 g/g
tarch and above this level glass transition showed constant value.

hey proposed that above this moisture level (i.e. maximum plas-
icization occurred) water formed a separate pure solvent water
hase outside the starch granules. It is clear in Fig. 3B that the data
oints could not be modeled by Gordon-Taylor model when the
ata at low moisture deviate from the Gordon-Taylor line. In this
m g

rimental onset of solids-melting temperature and Flory model equation, series 1:

case, Rahman [9] proposed modified Gordon-Taylor model as:

Tgm = XsTgs + kcXwTc

Xs + kcXw
(7)

In the above equation Tc is considered as critical temperature
and it is related to Tiv

g as defined by Rahman [9]. The values of Tiv
g

was determined from the intersection point of the glass transition
line and a vertical line through X ′

s = 0.80. From Fig. 3C, Tiv
g was found

as 34.0 ◦C. In the case of starch the value of Tiv
g can be estimated as

68.0 ◦C and X ′
s as 0.70 g/g starch using the data of Biliaderis et al.

[50]. In comparison to the Eq. (3), the value of Tc can be related as:

Tc = Tiv
g (1 − X ′

s) (8)

This correction was needed since origin of Gordon-Taylor equa-
tion is now shifted from 0 to X ′

s. The value of Tc was estimated
as 6.8 ◦C from the above Eq. (8). The modified Gordon-Taylor
model parameters Tgs and kc were estimated as 153.7 ◦C and 17.3,
respectively using SAS [39] non-linear regression procedure. The
experimental data and model equation are shown in Fig. 3C. The
glass transition of the dry gelatin as 153.7 ◦C was lower side of the
reported literature values 155–200 ◦C as compiled by D’Cruzand
and Bell [17]. This variation was due to the differences in source,
molecular weight, and preparation.
3.4. Solids-melting point

The values of (RVu/�HuVw) and � based on Eq. (4) were esti-
mated as 7.77 × 10−3 and 2.15 using SAS [39] non-linear regression.
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ig. 4. Change of enthalpy for ice melting as a function of total water content.

he experimental values and predicted line from Flory equa-
ion are shown in Fig. 3D. In general these parameters were
ot usually reported in the literature, instead linear relationship
etween (1/Tmi) versus εw were presented assuming � equal to zero
45,46,49–51]. In the case of gelatin, � showed much higher value
ompared to zero as assumed for starch by others.

.5. Un-freezable water from different methods

The (�Hm)sample is the enthalpy change during melting of ice
n the sample as shown in Table 2 and plotted with the moisture
ontent, and un-freezable water content was calculated from the
inear relationship extending to zero values of (�Hm)sample (Fig. 4).
lternatively a linear regression for bovine gelatin can be developed
s:

�Hm)sample = 479.2Xo
w − 124.3 (9)

The values of X ′
w can be estimated from the above Eq. (9) as

.26 when (�Hm)sample is equal to zero. Using graphical plot, the X ′
w

or gelatinized wheat starch [57], cellulose [15], gluten [58] were
bserved as 0.30, 0.16, 0.18 g/g sample, respectively. The proce-
ure by Eqs. (6) and (9) could give error due to two reasons [59]:
i) enthalpy of pure water (heat of fusion) is a function of tempera-
ure and this can give error up to 10% if freezing point depression is
–10 ◦C, (ii) heat represented by the area under the curve is a com-
ination of heat of fusion of ice plus sensible heat taken by freshly
elted water. The un-freezable water estimated from the ice melt-

ng endotherm (based on Eq. (6)) decreased from 0.23 to 0.07 with
he increasing initial water concentration. Similar variation was
lso observed in the cases of fructose [60], sucrose [61], and date
27]. The average value was estimated as 0.17 g/g gelatin ± 0.07.

The un-freezable water content (0.048 g/g gelatin) from freezing
oint prediction model (Eq. (2)) is not a reliable method although

t gives accurate prediction for freezing point. It was not recom-
ended for a number of reasons [27,54]. In many instances the

alues of B were found to be very low or even negative. The negative
alue of B indicated that a fraction of solids behave as solvent. This
xplanation may not be an accepted argument. Chen [40] indicated
hat freezing point depression is caused by the complex interaction
etween solutes and water and it can be the equivalent increase

n free water. Thus, values of B can either be positive or negative
epending on the behavior of freezing point data. In case of num-
ers of solutes, they found negative values of B. In addition, the

n-freezable water content measured by enthalpy and state dia-
ram do not relate with the values determined by this method.
or this reason, Rahman [27] indicated that although Eq. (2) can
redict the freezing point with accuracy, this does not explain the
hysics when experimental data on freezing point are fitted to the
Fig. 5. Change of specific heat as a function of total water at the glass transition
temperature: series 1: �Cp below freezing, series 2: (�Cp)m below freezing, series
3: �Cp above freezing, (�Cp)m above freezing.

equation (although it was originally based on the physics) [54]. The
reasons could be: (i) when the parameters are estimated by non-
linear regression, different local optimized regions could be found
based on the initial values used in the optimization. However, this
is one of the generic problems that exist when a theoretical-based
model with more than two parameters is used to fit the experimen-
tal data [62,63]. (ii) In addition, when data are fitted by regression,
they provided the mathematical relation rather physics. The accu-
racy of Eq. (2) was also demonstrated by Rahman [64] and Rahman
and Driscoll [55] without extensive evidence that its parameters
represent real physical meaning.

Ablett et al. [60] mentioned that calculation of un-freezable
water by extending freezing line to glass temperature curve should
be most reliable method. This was further confirmed by Rah-
man [27] and Rahman et al. [54]. It is therefore recommended
that the determination of un-freezable water is most acceptable
and accurate when T ′

m in the state diagram is used since this is
the real point when all possible freezable water formed ice and
it was experimentally evident by achieving ultimate maximal-
freeze-concentration condition, which could be achieved with slow
cooling and annealing (i.e. holding the sample at a specific temper-
ature for predetermined duration).

3.6. Specific heat change at the glass transition

Fig. 5 shows the change of specific heat at the glass transition
for the bovine gelatin containing freezable and un-freezable water
content. The change in specific heat for the bovine gelatin was found
to be random at low moisture content and average value was esti-
mated as 587 ± 255 J/kg K (based on total sample mass). The high
random variability indicated the existence of greater heterogeneity
in the material. Similarly Rahman et al. [23] did not found any trend
in the specific heat change for the different types of gelatin con-
taining only un-freezable water. Fig. 5 also shows that specific heat
change increased with the increase of water content and remained
constant at higher water content. Higher changes indicated the
increase of amorphous component in the bovine gelatin. Fig. 5 also
shows the modified (�Cp)m based on dry solids basis. The values of
(�Cp)m was estimated as [65]:
(�Cp)m = �Cp

(
1 − Xw

1 − Xo
w

)
(10)

where Xo
w is the highest moisture content in this study and the

modification was based on the total solids basis at that moisture
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ontent. In the literature there are little works available for the
pecific heat change at the glass transition for different types of
oods. This characteristic could be used to explore the molecular
ehavior of the gelatin as a function of water content.

. Conclusion

Commercial gelatin at initial moisture content of 0.097 g/g sam-
le was prepared at different moisture levels by equilibrating it at
ifferent relative humidity values, drying or adding predetermined
ater in it. Thermal characteristics (freezing point, glass transition,
nfolding temperature, solids-melting temperature and maximal-
reeze-concentration condition) were measured by DSC in order
o develop its state diagram. The glass transition, unfolding, and
olids-melting decreased with the decrease of solids up to solids
ontent 0.84 g/g gelatin and then remained constant. The difference
etween glass transition and melting temperature remained nearly
imilar over the solids content, whereas the difference between
elting and unfolding temperature was higher at low solids con-

ent. In the case of bovine gelatin, ultimate (T ′
m)u and (T ′′′

g )
u

were
ound as −11.9 and −14.9 ◦C, respectively. The un-freezable water
ontent was found as 0.20 g/g gelatin. The developed state dia-
ram of commercial bovine gelatin can be used in determining its
tructural functionality as a function of temperature and moisture
ontent.
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