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Abstract

Modulated temperature Differential Scanning Calorimetry (MTDSC) is used to characterise food systems. It is
shown that by splitting the total heat flow into reversing (related to heat capacity) and non-reversing contributions,
overlapping thermal events can be separated. The combination of excellent sensitivity and high resolution provides
more accurate results for weak and/or broad transitions. The thermal transitions of maltotriose, maltohexaose and
thermoplastic starch are treated as examples. It is also shown that MTDSC is very useful to follow in situ slow
crystallisation processes. These structural changes are detected by measuring the heat capacity in the quasi-isothermal
mode. The (quasi-)isothermal crystallisation of pregelatinised waxy corn starch is given as an example. © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Thermal analysis has been used for many years
to characterise synthetic polymers. More recently,
a growing interest has been shown from both the
academic and industrial world to use thermal
analysis techniques to characterise model food
systems and real food products. A broad variety
of food systems have already been studied using
these techniques (Slade and Levine, 1995).

Not only the fundamental structure–property
relationships of the separate ingredients are stud-
ied, but also the complex behaviour of complete
food products. Examples are the detection of
water loss, uptake or migration (Roos et al.,
1996), the denaturation of proteins (Kitabatake et
al., 1990; Sessa, 1993) and the crystallisation of
starch (Jouppila and Roos, 1997; De Meuter et
al., 1999). Thermal analysis techniques are also
useful to simulate and design new processes, like
spray-drying (Busin et al., 1996), freeze-drying
(To and Flink, 1978), extrusion (Anker, 1996;
Bent et al., 1997), and hydro-thermal treatment.
They also allow prediction and improvement of
product quality, safety and storage stability.
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One of the most popular thermal analysis tech-
niques is differential scanning calorimetry (DSC).
Interpretation of heat flow curves of DSC ther-
mograms, however, is often difficult due to the
complex nature of real food products. The purity
of the ingredients is often low, the polydispersity
and the heterogeneity high. Another problem is
the presence of water in most foods. Special atten-
tion has to be paid to avoid water evaporation
during the measurement. Other difficulties are
weak, broad and overlapping transitions, degra-
dation at relatively low temperatures and slow
crystallisation of some products.

With modulated temperature DSC (MTDSC), a
recent extension of conventional DSC using a
modulated temperature input signal, information
on the ‘amplitude of the complex heat capacity’
(termed ‘heat capacity’ in this paper) is obtained,
both in (quasi)isothermal and non-isothermal
conditions. This complementary information, giv-
ing rise to a deconvolution of the (total) heat flow
signal into ‘reversing’ and ‘non-reversing’ contri-
butions, enables a more detailed study of compli-
cated material systems. More details on
terminology, theory, instrumentation and applica-
tions of MTDSC are given in two recent Special
Issues of Thermochimica Acta (Schick and Hôhne,
1997) and Journal of Thermal Analysis and
Calorimetry (Menczel and Judovits, 1998).

While MTDSC has proven to be beneficial for
the thermal characterisation of synthetic polymers
in general, this relatively new technique has not
yet been extensively applied to food systems.
Glass transitions of gelatin, polydextrose, sucrose,
corn flakes, pasta and aqueous glucose/glycine
solutions have been studied (Dollimore, 1994; Bell
and Touma, 1996; Schmidt, 1996; Urbani et al.,
1997). Results on frozen sugar solutions (Izzard et
al., 1996; Aubuchon et al., 1998; Knopp et al.,
1998; Wang and Haymet, 1998) and freeze-con-
centrated aqueous solutions of ascorbic acid (An-
dersen and Skibsted, 1998) have also been
reported. Work on (poly)carbohydrates, including
the measurement of slow crystallisation processes,
is in progress (De Meuter et al., 1999).

In this paper, the intrinsic benefits of MTDSC
are highlighted with three typical examples of
food systems, enabling a better characterisation

and understanding of their thermal behaviour. In
the first experiments, MTDSC results are shown
on products with overlapping thermal events,
such as a glass transition region in combination
with an enthalpy relaxation effect or with the
melting of water. Secondly, a material with very
weak and broad thermal transitions is discussed.
In the third part, a new procedure is presented for
the in situ measurement of a slow crystallisation
process.

2. Materials and methods

2.1. Materials

Maltotriose was obtained from Sigma. The wa-
ter content was 6% w/w, as determined by ther-
mogravimetric analysis (see Section 2.2.2).
Maltohexaose was also obtained from Sigma. The
water content of the product was adjusted to 30%
w/w by adding water with a micro-syringe in the
DSC sample pan. After closing the pan, the sam-
ple was equilibrated overnight at room tempera-
ture to obtain a uniform distribution of water in
the sample. Pregelatinised waxy corn starch was
supplied by Cerestar. About 0.5 g starch was
compressed to a pellet. In order to facilitate the
filling of the sample pan and to enable the use of
larger sample masses, pieces of approximately 25
mg of compressed material were used for analysis.
As explained for maltohexaose, water was added
to the sample pan to a final dry substance of 76%
w/w (24% w/w water). Thermoplastic starch prod-
ucts were supplied by Cerestar. These extruded
products are mainly composed of starch, water
and glycerol.

2.2. Methods

2.2.1. (Modulated temperature) DSC
The measurements were performed on a DSC

2920 (TA Instruments) equipped with modulated
DSC software. Two types of cooling accessories
were used, depending on the temperature of anal-
ysis and the duration of the experiment. If the
sample had to be cooled to below −60°C, a
Liquid Nitrogen Cooling Accessory (LNCA) was
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used. For experiments of more than 24 h, with
a minimum temperature of −60°C, a Refriger-
ated Cooling System (RCS) was used. The purge
gas was helium at a flow rate of 25 ml min−1.

For water-containing samples that had to be
heated above 120°C, reusable high-pressure
stainless steel pans (HPS) from Perkin-Elmer
were chosen. In all other cases, hermetically
sealed aluminium pans from TA Instruments
were used. The sample weight varied between 6
and 8 mg for low molecular weight samples and
between 20 and 30 mg for starch samples.

The choice of heating rate and modulation
conditions are important to obtain reliable re-
sults and should be adapted to the type of pan
used. The TA Instruments hermetic pans were
heated and cooled at 2.5°C min−1. The period
was 60 s and the amplitude was 0.5°C. For the
Perkin-Elmer HPS pans, the heating and cooling
rate was decreased to 1°C min−1, with a period
of 100 s and an amplitude of 0.5°C. For the
DSC experiments without modulation (conven-
tional), the heating rate was increased to 10°C
min−1 for the Al hermetic pans and to 5°C
min−1 for the HPS pans.

Temperature calibration was performed with
indium and cyclohexane. The enthalpy was cali-
brated with indium. For the calibration of heat
capacity (Cp), water at 35°C was used. The
modulation parameters for the calibration were
the same as for the experiments.

2.2.2. Thermogra6imetric analysis
The dry substance of the samples was deter-

mined by thermogravimetric analysis (TGA 7
from Perkin-Elmer). The purge gas was helium.
The samples were dried at 125°C for at least 3
h, until the weight stabilised.

2.2.3. Dynamic mechanical analysis
DMA 7 from Perkin-Elmer was used,

equipped with a 1-mm quartz probe. The purge
gas was helium. A special set-up was developed
to avoid evaporation of water out of the sample

during the analysis. The heating rate was 2°C
min−1. A frequency of 1 Hz was applied.

3. Results and discussion

3.1. O6erlapping thermal e6ents

3.1.1. Maltotriose
After storage at room temperature, the DSC

thermogram of maltotriose (94% w/w) shows an
endothermic signal around 40°C. From this sig-
nal, it is difficult to conclude whether this ther-
mal event is a melting endotherm or a glass
transition with a superimposed enthalpy relax-
ation. This endothermic signal is also observed
in the total heat flow curve of the corresponding
MDSC thermogram, which is similar to the heat
flow measured by conventional DSC (Fig. 1a).
By splitting the total heat flow into the heat
capacity (related to reversing heat flow) and the
non-reversing heat flow (Fig. 1b), it becomes
possible to differentiate between the thermal
events occurring simultaneously.

A glass transition (Tg) at ca. 43°C is observed
as an increase in the heat capacity signal. The
DCp value at Tg (0.58 J g−1 K−1) is in agree-
ment with data reported in literature (Orford et
al., 1989). The non-reversing heat flow shows
only the endothermic signal, related to the en-
thalpy relaxation.

MTDSC enables the enthalpy relaxation to be
separated from the stepwise change in heat ca-
pacity at the glass transition. This allows mea-
suring the glass transition during the first
heating of the sample, which can be very benefi-
cial for some applications. In the case of physi-
cal ageing of a food system in storage
conditions, this procedure to determine Tg is im-
portant. The maltotriose sample in Fig. 1, mea-
sured in the first heating after storage at room
temperature, is an illustration. The enthalpy re-
laxation peak observed in the non-reversing heat
flow is the result of a preceding ageing step at a
temperature close to Tg.
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Fig. 1. MTDSC thermogram of maltotriose (94% w/w): (a)
total heat flow; (b) heat capacity and non-reversing heat flow
(first heating).

the temperature region of Tg is observed, overlap-
ping with the exothermic cold crystallisation peak
of a water-rich phase. This exothermic signal is
immediately followed by the melting endotherm
of this phase. The observed melting point depres-
sion of water is caused by dissolved maltohexaose.
Note that the melting process is partially retrieved
in the heat capacity (reversing heat flow) as well
as in the non-reversing heat flow signal. The high

Fig. 2. MTDSC thermogram of maltohexaose (70% w/w): (a)
total heat flow; (b) heat capacity and non-reversing heat flow
(heating after cooling at 2.5°C min−1). Glass transition (Tg),
cold crystallisation (Tcc) and melting (Tm) regions are indi-
cated.

3.1.2. Maltohexaose
After a controlled cooling of maltohexaose

(70% w/w) from 90 to −60°C at 2.5°C min−1,
the MTDSC thermogram of the subsequent heat-
ing shows a complex total heat flow signal be-
tween −40 and 0°C (Fig. 2a). The MTDSC heat
capacity and non-reversing heat flow signals (Fig.
2b) provide a better understanding of the thermal
transitions taking place.

The heat capacity (reversing heat flow) signal
shows a glass transition with a calculated value of
Tg of 32°C. In the non-reversing heat flow curve,
a small endothermic enthalpy relaxation peak in
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Fig. 3. DSC (conventional) heat flow measured at 5°C min−1

of thermoplastic starch, containing water and glycerol as
plasticizers. A detail of the heat flow signal between −40 and
20°C is shown.

3.2. Weak and broad thermal transitions

By extrusion of starch in the presence of plasti-
cizers, such as water and glycerol, a thermoplastic
starch material (TPS) can be obtained (De Bock
and Van Den Broecke, 1994). Fig. 3 shows a
typical (conventional) DSC thermogram of a ther-
moplastic starch material. At −75°C a glass tran-
sition is clearly observed. It is know from
literature that this Tg is related to the presence of
a glycerol-rich phase (Tg of glycerol is −81°C)
and is influenced by the presence of a b-relaxation
of starch (Lourdin et al., 1997). The inset of Fig.
3 also shows that the glass transition temperature
of the starch-rich phase, located around 0°C (see
discussion below), cannot be detected with con-
ventional DSC (Poutanen and Forssell, 1996).

The glass transition of the glycerol-rich phase
of TPS can also be measured with Dynamic
mechanical analysis (DMA) (Fig. 4). At about
−70°C, the storage modulus (E %) decreases, while
a maximum in the loss modulus (E¦) at −69°C
and in the tangent of the phase angle (tan d) at
−61°C are observed.

Moreover, this DMA experiment shows an
even more marked transition at about 0°C,
providing additional information on the starch-
rich phase of TPS. A much larger drop in E %, with
a factor of about 103, is detected. Maxima in E¦

concentration of maltohexaose in the binary mix-
ture with water prevents crystallisation during
cooling at 2.5°C min−1 and an amorphous vit-
rified phase is formed. MTDSC is very suited to
study the influence of experimental conditions on
vitrification, (cold) crystallisation and melting of
such systems.

Fig. 4. DMA data for the same thermoplastic starch as in Fig. 3: storage modulus (E %), loss modulus (E¦) and tan d.
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Fig. 5. MTDSC heat capacity signal of the same thermoplastic
starch as in Fig. 3, measured in HPS pans.

instantaneous heating rate, while the increased
resolution occurs because of the low average
(underlying) heating rate. These are major
benefits associated with MTDSC for the deter-
mination of weak and broad thermal transitions,
such as the glass transition of the starch-rich
phase of TPS.

The advantage of MTDSC, in comparison
with DMA, is the easier sample preparation and
the better control of the sample’s water content.
During a MTDSC experiment, even up to high
temperatures, water evaporation is avoided by
the use of HPS pans (see Section 2.2.1).

3.3. Slow crystallisation processes

The crystallisation of starch has been exten-
sively described in literature (Keetels et al.,
1996; Fisher and Thompson, 1997; Kim et al.,
1997). Using conventional DSC, however, the
crystallisation of starch could never be measured
in situ. The problem is that the exothermicity of
the crystallisation process cannot be detected,
because the crystallisation rate of starch is too
low. This results in too small a heat flow signal,
compared to the baseline drift and noise. There-
fore, attempts were made to measure the crys-
tallisation rate of starch by determining the
enthalpy of fusion after different isothermal
crystallisation times. This approach, however, is
very time consuming.

MTDSC enables measurement of the kinetics
of starch crystallisation in situ, by following the
change in heat capacity under quasi-isothermal
conditions (De Meuter et al., 1999). During
isothermal crystallisation, the heat capacity of
the system drops. As an example, the isothermal
MDSC heat capacity change during crystallisa-
tion at 52°C of pregelatinised waxy corn starch
(24% w/w water) is shown in Fig. 6.

The change in heat capacity describing the
structural conversion from a totally amorphous
to a semi-crystalline sample with maximum crys-
tallinity is 0.14 J g−1 K−1, and half of this DCp

(or the time to half conversion) is reached after

and tan d, at −2 and 23°C, respectively, are
observed. This result shows that the influence of
the glass transition of the starch-rich phase on
the mechanical properties of TPS is large and
clearly seen with DMA. The disadvantage of
DMA, however, is the technique’s sensitivity for
the loss of plasticizer in experimental conditions.
Even with a specially designed experimental set-
up (De Meuter et al., 1999), measurements at
high temperatures cannot be performed since the
evaporation of the plasticizer cannot be avoided
completely.

Fig. 5 shows that the glass transition of the
starch-rich phase of TPS can also be determined
using MTDSC. The heat capacity evolution
shows a distinct increase centered around 0°C,
indicating a broad glass transition region of
about 50°C. By splitting the total heat flow sig-
nal into a reversing (related to heat capacity)
and a non-reversing component, the noise and
baseline curvature are retrieved in the non-re-
versing signal. Therefore the detection limit of a
glass transition, measured via the heat capacity
(reversing) signal, is increased substantially. The
increased sensitivity arises because of the high
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Fig. 6. MTDSC heat capacity evolution of the crystallisation
at 52°C of pregelatinised waxy corn starch (76% w/w).

This again enables a more accurate determination
of Tg of the semi-crystalline starch.

In conclusion, the examples discussed show that
MTDSC can be applied to characterise food sys-
tems, for which conventional DSC provides less
accurate results or even fails. MTDSC is an excel-
lent characterisation tool for food science by the
ability to separate thermal events in heat capacity
and non-reversing heat flow contributions, the
stability and reproducibility of the signals, and the
ability to measure at low heating and cooling
rates, including the measurement of heat capacity
in quasi-isothermal conditions. MTDSC will en-
able a better understanding of thermal events in
food systems to be established and contribute to a
more systematic knowledge in topics such as glass
formation, vitrification and devitrification pro-
cesses, the influence of water content, phase dia-
grams, structural changes as a function of time,
temperature and composition, (slow) crystallisa-
tion processes, and ageing during storage.
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