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Gelatinization of industrial starches studied by DSC and TG
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The microstructure and thermal behaviour of industrial starches with different origin were characterized by X-ray
diffraction and thermal analyses (DSC, TG). Some of the studied starches revealed crystalline structure (type A and type
B), while others were predominantly amorphous, having only about 15 % crystallinity. The moisture content of the
pristine starches correlated with their microstructure: starches with a higher amount of amorphous phase showed larger
water content. The thermal behaviour of the starches with different amount of additional water was also studied by DSC.
In a starch-water paste at higher water content the gelatinization started earlier and gelatinization enthalpy change was
greater, than what was observed at lower water content. At certain starch to water ratio two distinguished endothermic
peaks denoted the gelatinization and melting processes. The determined enthalpies of gelatinization were in the range of
5-15 J/g and did not correlate with the initial crystallinity of the starches. The activation energies of gelatinization in the
range 40-100 kJ/mol, obtained by the Kissinger method, were found not to depend on the initial crystallinity of the starch
either. At starch concentrations of 20-35% after the gelatinization endothermic peaks a clear exothermic effect could also
be observed, which could be described by the formation of internal hydrogen-bonded associations.
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INTRODUCTION

Starch is a natural biopolymer, produced and
stored in plants as partially crystalline granules,
consisting. mainly of two  components:
predominantly linear amylose and highly branched
amylopectin [1]. It is commonly used in food,
chemical, textile, papermaking, medicine and many
other industries [2]. Depending on the botanical
source starch granules may vary in size (from <1 to
100um), shape (including spherical, lenticular, oval,
elongated) with alternating semi-crystalline and
amorphous layers (growth rings) [3, 4]. Granules
may also have different type of crystallites and
crystal fraction [5]. The crystallinity of the granules
is often assigned to the double helix formed by the
branches of amylopectin [6]. Wide-angle X-ray
diffraction can be used to determine if starches have
A-, B-, or C-type crystallinity, as well as the
contribution of the amorphous and the crystalline
regions to the overall X-ray pattern. In general,
cereal starches generate A-type X-ray diffraction
patterns; tuber and high amylose starches are of the
B-type; and legume, root and some fruit and stem
starches, are of C-type, which is a combination of A-
and B-type polymorphs [7,8]. The hilum, which is
the core of the granule and the starting point from
which the granule grows, is usually less organized

* To whom all correspondence should be sent:
E-mail: nhtts@chem.uni-sofia.bg

than the rest of the granule and could be situated
either near the middle or towards one end of granules
[9].

Starch granules are insoluble in cold water.
During heat treatment of starch in presence of
sufficient amount of water, starch gelatinization
occurs, where amylose is leached into the outside
solution, while bulk water penetrates into the
granules, which leads to swelling, destabilization of
the crystalline structure, resulting in granule
fragmentation and a loss of birefringence. The
Kinetics of this process depends on the temperature
and on the ratio crystalline to amorphous regions,
since the latter tend to absorb water more easily. It is
believed that there is a certain amount of bound
water in the native starch granule, specific to
different starches, which is crucial for their
gelatinization behaviour and which depends on the
ratio of crystalline vs. amorphous regions.

Since starch is the major source of energy in
human nutrition, providing more than 50% of the
caloric value, and the properties of starch foods
strongly depend on the processing, obtaining a better
understanding of gelatinization is essential not only
from a scientific, but also from an industrial point of
view, as well. Many methods have been suggested
for investigating the gelatinization process of
starches, including electron microscopy, optical
microscopy, X-ray diffraction, differential scanning
calorimetry, viscosity measurement and more.
Stevens and Elton (1971) first reported the
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application of DSC for measuring the heat of
gelatinization of the starch/water system [10]. Two
distinct endotherms can be observed during heating
of starch in a low- water content system. Donovan
(1979) reported that these endotherms were
determined by the degree of hydration of ordered
regions within the starch granules and the high-
temperature transition disappears in presence of
excess water [11]. In most starches these order-
disorder transitions may follow two different
mechanisms of melting and gelatinization. Melting
usually takes place at low water contents (less than
30%) and corresponds to the high temperature
endotherm, while gelatinization occurs in the
presence of excess water (more than 70% for most
starches) and corresponds to the low temperature
endotherm on the thermogram [12]. Both processes
can be observed if heating is done at an intermediate
moisture content [13]. Evans and Heisman (1982)
proposed the so-called "Cooperative melting theory"
which explained the bi-phasic endotherm as a result
of different crystallite stability within the granules
[12]. Water absorption by the granules lowers the
melting points of crystallites resulting in quick
melting. This reduces the constraints of still
remaining crystallites to lower their melting points.
This process of cooperative melting happens quickly
in sufficient amount of water and leads to a single
DSC endotherm. When the available water is not
sufficient for the cooperative melting to occur a
distinct second endotherm or a "shoulder" appears
on the thermogram representing melting of
remaining crystallites at a higher temperature.
Biliaderis et al. suggested that gelatinization process
involves partial melting, recrystallization, and final
melting of the crystallites, while Fukuoka et al.
reported that enthalpic transitions during heat-
moisture treatment represent a number of different
simultaneously occurring processes [14,15]. Some
authors reported that in the presence of more than
70% water in the system only one endothermic peak
was visible in the DSC curve, while at 50% water
content, two distinct peaks were observed [16].

Although many starch gelatinization theories
have been suggested, none of them is able to
thoroughly explain the mechanism of structural
changes that granules undergo during heating in the
presence of water, therefore further research is
needed [17]. It is commonly accepted that depending
on the starch nature and the conditions of the thermal
experiments (amount of water, heating rate, quality
of the DSC baseline, accounting of specific heat, Cp,
variation) serious differences in the thermal
behaviour of the examined starch can be observed.
Additionally, due to the different rate of the phase
transformations occurring during gelatinization,
routine DSC does not always give an adequate
explanation of these processes. Therefore, the
present work aims at studying the gelatinization
process in a series of starches of industrial interest
from different sources and different pre-treatments
at various experimental conditions (amount of
additional water, heating rate), combining carefully
performed thermal (DSC,TG) and X-ray diffraction
(XRD) analyses.

MATERIALS AND METHODS
Materials

Modified starches with different origin were the
objects of the present study. Information about their
origin and modification treatment is presented in
table 1.

Thermflo was obtained from Ingredion (UK),
Merigel 100 and Merigel 340 starches were provided
by Tate & Lyle (UK). Eliane 100 and Eliane SC 160
starches were supplied by AVEBE (Netherlands).

Optical and Scanning Electron Microscopy (SEM)

The morphology of the starches was
characterized by optical and scanning electron
microscopy (SEM-JEOL 5510). For the electron
microscopy starch granules were dispersed on a
holder, coated with a thin golden layer, and used for
observation.

Table 1. List of the starches used in the study, their origin and modification.

Trade name Origin and modification
Thermflo Maize starch, with high amylopectin content (> 95%)
Merigel 100 Maize, pre-gelatinized
Merigel 340 Maize, pre-gelatinized, with high amylopectin content (>95%)
Eliane 100 Native waxy potato starch
Eliane SC 160 Waxy potato starch, pre-gelatinized, acetylated
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X-Ray Diffractometry (XRD)

The structure and microstructure of the dry starch
powder samples were studied by X-ray diffraction
(XRD) with Cu-Ka radiation. The time per step was
5 sec, the step was 0.03°, operating voltage of 30kV
and current of 15mA.

Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA)

DSC (Perkin Elmer DSC7) and DTA/TG (Perkin
Elmer Pyris) were used to study the thermal behavior
of the dry starches as well as of the starch-water
suspensions  (pastes)  varying the  starch
concentration. The DSC experiments with the
starch-water pastes were carried out in sealed sample
pans at a scanning rate of 10 K/min. All samples
were scanned one hour after sealing, in order to
equilibrate. For the enthalpies of starch
gelatinization the arithmetic average of 3
independent measurements was taken.

Kissinger analysis

DSC curves, used for Kissinger analysis were
obtained by preparing three samples for each starch
and scanning them with three different heating rates.
Samples were prepared by placing the same amount
of starch and water in sealed sample pans, so that
10% wi/w was obtained. All the samples were given
one hour to equilibrate before scanning. The used
scanning rates (2.5 K/min, 5K/min, and 10K/min)
were selected so as to ensure actual heating rates of
the samples.

RESULTS AND DISCUSSION

The morphology and the microstructure of
starches with different origin were characterized by
electron microscopy (fig.1) and X-ray diffraction
(fig.2). Typical morphology of starch granules with
an irregular shape is presented in fig.1. The granule
size did not differ very much for the different
starches, as it ranged from about 10 to 50 pm. The
granule surface was rough; pores and holes could
also be observed at higher magnification. Formation
of granule agglomerations was seen, as well. One of
the studied starches (Thermflo) showed A-type
crystalline structure with characteristic diffraction
peaks at 15°, 17°, 18° and 23°, while Eliane 100
revealed diffraction peaks typical for crystal
structure type B (intensive peak at 17° and less

intensive ones at 15°, 20°, 22° and 24°). Merigel
100, Merigel 340 and Eliane SC160 could be
considered as mainly amorphous, which was
expected because these three starches had been pre-
gelatinized, fig.2. The degree of starch crystallinity,
determined from the X-ray diffraction patterns,
according to the method described in [18], ranged
from about 15% to 75%, Table 2.
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Fig. 1. SEM micrographs of Thermflo starch.
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Fig. 2. XRD patterns of the untreated starch powders.

Table 2. Moisture content, relative crystallinity and heat effect, measured for the used starches.

Starch Moisture content (%)  Relative crystallinity (%)  Heat effect (J/g)
Thermflo 114 74 88.5
Merigel 100 8.6 34 62.5
Merigel 340 7.2 23 51.9
Eliane 100 13.8 58 151.7
Eliane SC160 6.8 17 55.2
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The native moisture content and the thermal
behaviour of the initial starches were studied by TG
and DSC, fig.3 and fig. 4, respectively. The
thermogravimetric curves of all starches had
identical shape, but differed in the height of the first
step (weight decrease), fig.3. Water is the only
volatile component of the dry starches (containing
only native moisture) and during heating it is
released in the temperature range of 60-120°C; at
higher temperatures (250-300°C) starches undergo
thermal degradation and lose between 60% and 80%
of their weight for only few degrees.
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Fig. 3. TG curves of the untreated starches (containing
only the native moisture).
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Fig. 4. DSC curves of the untreated starches
(containing only the native moisture).

The observed differences in the moisture content
and in the thermal stability of the studied starches
were also expected due to their different origin,
crystal type, relative crystallinity and different starch
modification. The starches moisture content varied
between 7 and 14 wt% and for the non-
pregelatinized starches showed obvious correlation
with the degree of crystallinity. The starches with
lower crystallinity had larger amount of included
moisture, which confirmed available results for other
starches [19,20].

The DSC results corresponded entirely to the TG
analysis and correlated with those of the XRD. The
single endothermic peaks observed by DSC in the
temperature range 30-130°C (fig.4) had to be
obviously related to the release of moisture from the
starches, which process was also detected by the
themogravimetric analysis. The temperatures and
enthalpies (heat effects) of the DSC peaks,
connected with the moisture release, are also
presented in Table 3.

It is possible the larger heat absorbed
(endothermic heat effect) observed for starches with
larger crystallinity to be due not only to the water
release, but also to the melting of parts of the
crystalline starch granule regions. However, typical
crystallite melting endotherms were not seen in the
DSC curves of the dry samples, which confirmed
that the presence, quantity, and type of plastisizer
play significant role in the process of gelatinization
[21, 22]. It is necessary to be mentioned that good
quality DSC curves of dry starch samples
(containing only native moisture) are not frequently
seen in the literature.

Studying the starches gelatinization when using
the same amount of additional water (10 wt.% starch
in water suspension; heating rate 10 K/min) revealed
identical DSC curves for all samples — a broad
endothermic peak was observed. However, the
starches thermal scans differed in the peak area, as
well as in the temperature range of the gelatinization
peak. DSC curves of two of the investigated starches
having different structure are presented in fig.5.

Table 3. Enthalpy change and activation energy of the gelatinization process for all studied starches.

Activation energy

Starch Tmax [K] [ka/mol] Gelatinization enthalpy [J/g]
Thermflo 336 62.4+16.1 5.67
Merigel100 339 105.6+23.3 36.65
Merigel340 336 74.5+4.7 4.52
Eliane100 341 58.2+4.2 12.36
ElianeSC160 341 49.1+10.6 13.05
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Fig. 5. DSC curves of Thermflo and Eliane 100.

Both, the thermal effects (enthalpy change) and
the activation energy of the gelatinization process
were determined, Table 3, for all studied starches.
For the apparent activation energy of gelatinization,
Ea, Kissinger’s analysis was applied [23]:

q= Eq

In + const. (1)

Tr%lax R max
where q is the heating rate, Tmax is the temperature
of the maximum of the endothermic DSC peak and
Ea is the activation energy of the thermally activated
process (in this case gelatinization). According to the
Kissinger’s method, the activation energy can be
obtained by plotting In(q/Tma®) vS. 1000/ Tmax. Fig.6a
shows the DSC data in Kissinger coordinates for the
two crystalline starches and in fig.6b the data for the
pre-gelatinized amorphous starches are presented.
The values for the activation energies ranged from
about 40 to 105 kJ/mol, and the highest value applied
for Merigel100, which is also the starch with the
highest gelatinization enthalpy. Both the activation
energies and heat effects of gelatinization were close
to those available in the literature for similar systems
[24-28]. Furthermore, two different methods for
obtaining activation energies (thermal and
rheological) seem to produce consistent results,
indicating, that both are suitable for investigating the
gelatinization process [29].

To understand the influence of the gelatinization
on the structure of the starch granules XRD analysis
was applied to a sample obtained after gelatinization
of Thermflo. The X-ray diffractograms of the initial
starch and of the corresponding gel are shown in
fig.7. Drastic reduction in the intensity of the
crystalline peaks could clearly be seen, revealing
that the gelatinization took place in a large degree,
and resulted in an amorphous granule structure
according to the XRD data.
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Fig. 6. a) DSC data in Kissinger coordinates for the
two crystalline starches given in the legend; b) DSC data
in Kissinger coordinates for the three pre-gelatinized
amorphous starches.
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Fig. 7. XRD patterns of the untreated Thermflo, a, and
of the corresponding gel, b.

It is known, however, that except gelatinization a
process of melting is also possible in starch-water
suspensions with insufficient amount of water.
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Moreover, although carefully studied, these
processes still need further understanding due to the
great diversity of the results available in the
literature, as well as to the big importance of the
gelatinization for the cooking properties of the
starches with different origin. To separate both
processes (gelatinization and melting) a series of
DSC measurements on a starch-water system (paste)
at different concentrations were performed. DSC
plots of gelatinization of Thermflo with different
concentrations are shown in fig.8, as the weight
percentage of the starch was varied between 5% and
90%. At large amount of water (5% starch) the
gelatinization process started at lower temperatures,
and a big complex endothermic peak was observed,
which might be due to the fact that the peaks of
gelatinization and melting were strongly overlapped.
With the increase of the starch concentration the
endothermic peaks became more separated and the
two processes (gelatinization and melting) became
distinguishable. Besides, the peaks were shifted to
lower temperatures. At concentrations 20-30% two
clearly separated peaks were observed, as the low
temperature  one  corresponded to  starch
gelatinization and the high-temperature peak — to the
melting of the non-gelatinized crystalline parts of the
starch granule. Although both processes are
extremely sensitive to the amount of additional
water, the heat (enthalpy change) determined from
the low-temperature DSC peak showed a very good
correspondence to the heat effects of gelatinization
determined in excess water.

This result is inconsistent with the available
report in the literature [16], revealing that in the
presence of more than 70% water in the system only
one endothermic peak was visible in the DSC curve,
while at 50% water content, two distinct peaks were
observed.

Exactly in the same range of 20-35% starch
concentration after the endothermic DSC peaks a
clear exothermic effect (peak) could also be seen,
which could be described by possible formation of
hydrogen-bond associations between the free ends of
the unwound helixes of amylopectin and parts of
amylopectin molecules other than their original helix
partner [30]. Another possible explanation of the
exothermic DSC effect is based on the association of
the amylose molecules extracted from the granule
into the surrounding water or formation of amylose-
lipid complexes [31].

As it could be expected, at insufficient amount of
water in the system not all of the starch granules and
crystalline parts participated in the gelatinization
process and the heat effect gradually decreased with
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Fig. 8. DSC curves of gelatinization of Thermflo at
different concentrations.

the starch concentration increase. At the same time
the intensity of the high-temperature peak
increased,which corresponded to the melting of
larger amount of ordered starch zones. At further
increase of the starch concentration the two
endothermic peaks gradually transformed to a single
peak. At these concentrations the water in the system
was not enough for the gelatinization to take place.
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This result shows that by precise control of these
processes (gelatinization and melting) it is possible
to obtain starch gelatinization preserving some of the
ordered granules zones, which may result in
materials and food products with interesting
mechanical and digestive properties.

CONCLUSIONS

The microstructure and thermal behaviour of
starches with different origin were investigated. It
was found that the starches structure ranges from
predominantly crystalline (type A or type B) to
almost amorphous (15% crystallinity) and their
moisture  content  correlated  with  their
microstructure. The starches revealed different
thermal behaviour when varying the amount of water
added to the starch before the DSC experiments,
which is consistent with the results of similar
experiments available [33]. At larger water content
the gelatinization started at lower temperatures and
the gelatinization enthalpy change was larger as
observed by other authors as well [34]. At starch
concentrations in the range 20-30% two
distinguished endothermic DSC peaks denoted the
gelatinization and the melting processes [35]. A
clear exothermic thermal peak was also seen, which
could be explained by the formation of internal
hydrogen bonds. Both the enthalpies and the
activation energy of gelatinization were determined
and it was found that they did not depend on the
initial crystallinity of the starches.

Our results indicate that by adjusting the ratio of
water vs. starch and gelatinisation temperature one
can control granule melting and gelatinisation
independently, allowing to obtain gelatinized
starches where parts of the ordered granule zones are
preserved, which in turn can result in materials and
food products with interesting mechanical and
digestive properties.
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I'EJIMPAHE HA UHAY CTPUAJIHU HULLIECTETA, U3CJIEJABAHO C ICK U TT'
A. Panrenos?, JI. Apnaynos?, C. Crosanos?3*, T. Cnacos!

Y Cogpuiicku Yuusepcumem ,, Ce. Knumenm Oxpuocku , @axynmem no Xumus u @apmayusi
2 Vuunusep- Hzcneosane u Pazeumue, 3133AT Braapounzen, Xonanous
3 @dusuroxumus u Mexu Mamepuanu, Ynusepcumem na Baeenuneen, 6703 HB Bacenuneen, Xonanous
4 Tenapmamenm no Mexanuuno Husxcenepcmeso, Yuusepcumemcku Koneoc Jlonoon, WC1E 7JE, OK

Iomyuena na 2 mait, 2016 r.; peBusupana Ha 9 cenremspu, 2016r.
(Pe3tome)

MHUKpOCTPYKTypaTa ¥ TEpPMUIHNTE CBOWCTBA HA WHIYCTPUAIHH HUILIECTETA C PA3IMUYCH MIPOU3X0A Os1Xa M3CIeIBaHU
¢ moMomITa Ha peHTreHoBa audpakmus u tepmudeH aHanu3 (JACK, TI). Hsaxow oOT H3ClIeIBaHUTE HHIIECTETA
JIEMOHCTpHUpaxa KpHcTaiHa CTpyKTypa (Tun A u tun b), a npyru 6gxa npenqumao amopdHH, ¢ okono 15% cremeH Ha
KPHUCTAITHOCT. Biiaroch1bpkaHIETO HAa YMCTHTE HHUIIECTETa KOPEIMpAIIIE C TAXHATa MUKPOCTPYKTypa: HUIIECTETA C T10-
TOJISIMO KOJHMYECTBO aMop¢Ha (a3a MMaxa M0-BUCOKO BIAroChAbpKaHUe. TepMUYHOTO MOBEICHNE HA HUIIECTETATa C
J100aBEHO Pa3IMYHO KOJMYECTBO BOJA chIlo Oeme m3cnensano ¢ nomorura Ha JICK. B cmecra Humecte-Boaa mpu mo-
TOJIEMH KOJHMYECTBa BOJa TEIMPAHETO 3allodBalle I0-paHO M CHTAINHUATa Ha reiupaHe Oemle MO-BHCOKAa OT
HaOIojaBaHaTa IMpH TO-MAJIKUA KOJIWYECTBa BoJa. [IpM oOIpeaeneHO CHOTHOIIECHHWE HUINECTE-BOJA JIBA OTICIHU
EHJIOTepPMHUYHH ITHKA TI0Ka3BaT MPOILeCUTE Ha resiupane 1 torene. OnpeneneHnTe eHTaINMH Ha rejiipane 0sixa B paMKUTe
5-15 JIx/r 1 He Kopenupaxa ¢ IIbpBOHAYAIHATA CTENEH Ha KPUCTAJIHOCT Ha HUIlecTeTaTa. He Oeme oTkpuTa 3aBUCHMOCT
MeXIy aKTHBHPAIUTE CHEPTuH Ha rexupane B pamkute Ha 40-100 K/Ix/Mon, momyduenu mo merona Ha Kucuumxkep, n
CTETIEeHTa Ha KpUCTaIHOCT. [Ipy koHIeHTpanuu Ha HumecTe Mexay 20% u 35% cien eHIoTepMUYHMS [TUK HA TeJIUpaHe
ce HaOmogaBa eK30TepMHIYCH e(eKT, KOMTO OM MOTBJI 1a ce 00CHU ¢ (popMHpaHe HA BETPEIIHA BOJOPOAHH BPB3KU.
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