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The gelatinization process of waxy corn starch under different pressures up to 10.0 MPa was investigated
using a high pressure DSC. Compressed air and carbon dioxide were used as pressure resources. Effect of
pressure and annealing under pressure on gelatinization of waxy corn starch was systematically studied,
in particular on the gelatinization temperature and enthalpy. The results show that the peak temperature
of gelatinization was increased slightly initially then remained stable with increasing pressure. The gela-
tinization enthalpy was decreased under pressure processing. Annealing the starch under pressure con-
dition, just below its gelatinization temperature, increased gelatinization temperature but kept
gelatinized enthalpy constant. Morphologies of starch granules treated under pressure were studied
using an optical microscope and SEM. There is no discernable difference of starch granules treated with
and without pressure, which indicates the pressures are not high enough to destroy crystalline structure.
The intensity of the pressure acts as a key factor to influence the gelatinization of starch rather than the
nature of the gas. Effect of pressure on the multi-endotherm detected by DSC for starch with intermediate
water is used to study the mechanisms. The effect of pressure can be explained by the enhancement of
water diffusion in the amorphous range.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

When starches were heated in an aqueous medium in an
atmospheric environment, the conventional gelatinization (temper-
ature-induced gelatinization) occurred. The heat-induced gelatini-
zation has been extensively investigated and well-accepted as
indicating the destruction of the crystalline structure in starch gran-
ular (Atwell, Hood, Lineback, Varriano-Marston, & Zobel, 1988;
Lelievre, 1974). Starch gelatinization is an irreversible process and
includes granular swelling, native crystalline melting, loss of bire-
fringence and starch solubilization (Sullivan & Johnson, 1964).
Previous researchers (Blaszczak et al., 2007; Rubens & Heremans,
2000) reported that high pressure (up to 650 MPa) treatment could
also cause an irreversible distortion of the crystalline region in starch
granules prior to a reversible hydration of the amorphous phase,
which in turn leads to the destruction of the granular structure.

High pressure processing has been widely applied in the food
industry from early in 1980s (Bauer & Knorr, 2005; Knorr, Heinz,
& Buckow, 2006; Lopez-Fandino, 2006) for its unique advantages
(Stute, Klingler, Boguslawski, Eshtiaghi, & Knorr, 1996): (1) it only
affects secondary and tertiary bonds rather than primary bonds;
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(2) it acts immediately and is independent of the size and the
shape of product. The mechanism of the pressure-gelatinization
is significantly different from heat-gelatinization (Stolt, Oinonen,
& Autio, 2001; Stute et al., 1996). Compared to traditional temper-
ature-gelatinization starch, some starch samples after high pres-
sure treatment did not show any extensive swelling and kept
granular character, which resulted in a weaker gel (Douzals, Perrier
Cornet, Gervais, & Coquille, 1998; Stolt et al., 2001; Stute et al.,
1996). In addition, there was only a lower quantity of amylose
(Buckow, Heinz, & Knorr, 2007; Douzals et al., 1998), sometimes
even no amylose (Stute et al., 1996), released during pressure-in-
duced gelatinization processes. Furthermore, the extrusion pro-
cessing also involves pressure up to 10 MPa in an extruder barrel
that has been rarely considered previously.

The presence of water is vital for pressure-gelatinization as well
as for temperature-gelatinization. A certain minimum amount of
water, specific to different starches, is essential for the onset of
gelatinization. Vainionpaa, Forssell, and Virtanen (1993) stated
that, below this water level, pressure treatment advanced the rup-
ture of the granular structure which lead to melting or plastifica-
tion of starch rather than proper gelatinization. Blaszczak et al.
(2007), Blaszczak, Fornal, Valverde, and Garrido (2005a) consid-
ered the degree of the crystalline structure melting under high
pressure was related to the amylose/amylopectin ratio. Under the
same pressure condition, the waxy cornstarch showed an amor-
phous character while the degree of crystallinity of amylomaize
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(about 70% amylose content) was significantly decreased along
with the treatment time. Similarly Stolt et al. (2001) pointed out
the stabilizing effect of amylose during pressure-gelatinization.
Moreover, A- and C-type starches are reported more sensitive to
pressure treatment compared with B-type starch (Muhr & Blans-
hard, 1982; Rubens & Heremans, 2000; Stute et al., 1996).

There are numerous papers dealing with the effect of high
pressure on starch gelatinization. Some researchers (Blaszczak,
Valverde, & Fornal, 2005b; Buckow et al., 2007) observed a de-
crease in gelatinization temperature and an increase in disordering
conformations for potato starch treated at 600 MPa pressure.
Microscope observation for some waxy maize starch granules after
treating at 500 MPa for 20 and 60 min, discovered disappearance of
birefringence (Hibi, Matsumoto, & Hagiwara, 1993). Similarly a
scanning electrical microscopy (SEM) study confirmed the changes
of surface characteristic of pressurized granules and indicated sig-
nificant alteration in the internal structure (Blaszczak et al., 2005b;
Stolt et al., 2001; Stute et al., 1996). X-ray diffraction pattern
showed the transformation from A-type crystalline to B-type after
pressure treatment (Hibi et al., 1993; Katopo, Song, & Jane, 2002).
Furthermore, Stute et al. (1996) reported that, for 5% waxy maize
starch suspensions, a complete gelatinization occurred during
pressure treatment at 600 MPa and 20 �C.

However, all these results were mainly limited to ex situ obser-
vations where samples were monitored before and after the pres-
surization step. Few papers dealt with an online study of the
pressure effect on starch gelatinization. A sealed high pressure
stainless pan can provide pressure from steam during heating
(Liu, Yu, Chen, & Li, 2007; Liu, Yu, Xie, & Chen, 2006). But the steam
pressure is quite low when the temperature in the system is lower
than that of the boiling temperature of water. Recently a high pres-
sure microscope was used and discovered swelling of starch gran-
ules during pressurization (Bauer, Hartmann, Sommer, & Knorr,
2004; Rubens, Snauwaert, Heremans, & Stute, 1999) under
300 MPa. Vainionpaa et al. (1993) have studied the gelatinization
of barley starch with lower moisture content (<35%) under com-
pressed nitrogen gas (up to 2.5 MPa) using a DSC pressure cham-
ber. It was found the pressure decreased the gelatinization
enthalpy. In this work, the gelatinization of waxy corn starch was
studied by combination of temperature and high pressure using a
high pressure differential scanning calorimetry (HP-DSC). HP-DSC
presents a method of observing the thermal behaviors of gelatini-
zation in situ and simultaneously records both the effect of heat
and pressure. The pressure varied from 0.1 up to 10 MPa using
compressed air and carbon dioxide. Effect of pressure and anneal-
ing under the pressure on the gelatinization of waxy corn starch
were investigated, in particular gelatinization temperature and en-
thalpy. Morphological variations of starch granules treated under
different pressures were studied by microscope and SEM. The tech-
nique of online measurement by DSC will be used to study kinetics
of gelatinization under pressure.

2. Experimental work

2.1. Materials and sample preparation

A commercially available waxy corn starch from Penfold (Austra-
lia) was used in the experimental work. In order to study the mech-
anism, waxy corn starch containing mainly amylopectin (99%) was
used in the experimental work to avoid the confusion of amylose/
amylopectin. The material contains about 13.2% moisture and the
water contents in all samples are based on the dry-based starch.

A starch suspension was prepared in a 40 ll DSC aluminum pan.
Starch (about 5 mg) was weighed in the pan, and then distilled
water was injected by a micro-syringe. The ratio of starch/water
is approximately 1:3 and 1:1 (W/W), respectively. The pan was
sealed using a cover with a hole. Instrument recommendation sug-
gests pans need no cover in pressure runs. However, the loss of
water has been detected, whist still allowing the pan contents to
be pressurized. The cover can efficiently provide evaporation of
moisture under pressure. The mass of the samples kept stable after
DSC running (water loss between 0.5% and 2.0%).

Food grade compressed air (99.9%) and carbon dioxide (99.9%)
were used as pressure resource.

2.2. High pressure differential scanning calorimetry (HP-DSC)

A Mettler Toledo high pressure DSC 827e with a pressure cham-
ber was used in the present experimental work. The equipment al-
lows pressurization from 0.1 to 10 MPa and a special internal
coolant ensured the stable temperature during pressure process.
Melting point and enthalpies of indium were used for temperature
and heat capacity calibration.

The defined pressure was created by introducing compressed
air or carbon dioxide into the measuring chamber through control-
ling the pressure gauge. On reaching the desired pressure condi-
tion, the DSC heating program was immediately started at a
heating rate 15 �C/min from 25 to 110 �C. After scanning, the pres-
sure was released and the mass of sample and pan was reweighed
to calculate water loss. The enthalpy of gelatinization was calcu-
lated on the dry mass of the starch. DSC measurements were per-
formed in triplicate, and results are presented as the mean.

2.3. Light microscopy

Starch suspension was treated under 5.0 MPa for 5 h at room
temperature (about 23 �C) in the DSC pressure chamber. Then
one drop of the slurry samples was dispersed by distilled water
and observed using a microscope (Olympus BH-2, Japan) equipped
with a polarized filter. Samples were examined with normal and
polarized light. In this work, the magnification was 500� (50 � 10).

2.4. Scanning electron microscopy (SEM)

The microstructure of starch granules and their surfaces after
pressure treatment was examined with SEM. The air-dried starch
powders were stuck on a specimen holder using a silver plate,
and then coated with gold in a vacuum evaporator. The obtained
specimens were viewed in a FEI Quanta 200 scanning electron
microscope at the accelerating voltage of 10 kV.

3. Results and discussions

Fig. 1 shows the gelatinization endotherms of waxy starch with
excess water (about 75%) detected by HP-DSC under various pres-
sures of compressed air. It is observed that the gelatinization peak
was shifted to higher temperature, becoming broad and weak, with
increasing pressure. The effect of pressure on the onset (To), peak
(Tp) and conclusion (Tc) temperatures, as well as gelatinization en-
thalpy (DH) is provided in Fig. 2. It is seen that, To and Tp increased
about 2.5 and 3 �C, respectively, in the pressure range 0.1–3.0 Mpa,
and no further change was observed with increasing pressure up to
10 MPa. However it is noted that, Tc was little influenced by pres-
sure and remained constant at about 84 �C. The gelatinization en-
thalpy decreased with increasing pressure, but the decrease rate
was not linear. The enthalpic values initially fell sharply and chan-
ged slightly with further increased pressure. These results indicate
that some weaker starch structure was damaged but the near-per-
fect part was not altered during pressurization.

Similar results, increasing gelatinization temperature and
decreasing gelatinization enthalpy, have been observed for the
gelatinization behaviors under pressure provided by carbon diox-
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Fig. 1. Gelatinization endotherms of waxy starch detected by a high pressure DSC
under different compressed air (MPa): (a) 0.1; (b) 0.5; (c) 1.0; (d) 1.5; (e) 2.0; (f) 3.0,
(g) 4.0; (h) 5.0; (i) 6.0; (j) 7.0; (k) 8.0; (l) 10.0.
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Fig. 2. Plot of the effect of pressure on gelatinization temperatures (‘‘h”; ‘‘s”; ‘‘4”
represented the To, Tp and Tc of gelatinization, respectively) and gelatinization
enthalpy (‘‘�”).
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Fig. 3. Gelatinization endotherms of waxy corn starch in excess water detected by a
high pressure DSC under different compressed carbon dioxide (MPa): (a) 0.0 (under
atmosphere condition); (b) 1.0; (c) 2.0; (d) 3.0, (e) 4.0; (f) 5.0.

Fig. 4. Effect of pressure treatment (5.0 MPa) at room temperature (23 �C) for
different time on the gelatinization temperatures (‘‘h”; ‘‘s”; ‘‘4” represented the To,
Tp and Tc, respectively) and gelatinization enthalpy (‘‘�”).
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Fig. 5. Gelatinization endotherms of waxy corn starch with intermediate water
content (about 50%) under atmosphere and 5.0 MPa pressure condition.
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ide (Fig. 3). The intensity of the pressure seemed to act as key fac-
tor to influence the starch gelatinization rather than the nature of
the pressuring gas. Both compressed gases damaged and dimin-
ished the weaker structure of starches, which resulted in the high-
er gelatinization temperature.

Effect of pressurization time under a certain pressure (5 MPa) at
room temperature (about 23 �C) on the gelatinization is presented
in Fig. 4. It is observed that processing time has little influence on
the gelatinization behaviors. No discernable changes of gelatiniza-
tion temperature and enthalpy were observed for samples with
prolonging pressurized time. It indicated the pressurization treat-
ment affected the starch structure as soon as the desired pressure
was reached. The weaker structure was destroyed significantly
while the stable part displayed little change with increasing treat-
ing time.

There are two endotherms, denoted as G and M1 (Liu et al.,
2006; Russell, 1987; Shogren, 1992), that have been observed for
waxy starch with intermediate water content. They are related to
double helixes of amylopectin (Cooke & Gidley, 1992; Liu &
Thompson, 1998; Liu et al., 2007; Ring & Colonna, 1987). Fig. 5
shows the effect of pressure on these endotherms for the sample
with about 50% water. It is observed that the sample exhibited bi-
modal endothermic transitions under atmospheric condition. The
new endotherm (M1) appeared as a shoulder of endotherm G. It
is interesting to note that the endotherm G became weaker and
the onset temperature moved to higher temperature with in-
creased pressure. As the air pressure reaches 5.0 MPa, due to the
loss of the low temperature part of the endotherm G, the bimodal
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peak turned into a broad peak and the overlapped tail was difficult
to observe. This phenomenon suggested that some part of the
structure related to endotherm G was damaged during pressuriza-
tion, and the remaining part contributed to the broad peak to-
gether with the part of endotherm M1. However, there was no
change for endotherm M1 during the pressurization process. The
result is similar to our previous investigation on starch annealing
(Liu et al., 2006). Both experimental works suggested that the
weaker starch structure which is related to the endotherm G was
damaged more, whereas the endotherm M1 kept stable under
the experimental conditions.

It is generally believed that heat-gelatinization is a phase tran-
sition of granules from an ordered state to a disordered one during
heating in excess water. It involves melting of ordered regions,
both on the crystallite and on the level of double-helical order.
The degradation of granules occurs in a somewhat different man-
ner, but gelatinization could be initiated at a lower temperature
as heating starch suspensions subjected to a pressure higher than
200 MPa (Douzals et al., 1998; Stolt et al., 2001; Stute et al.,
1996). Pressurization treatment distorts the crystalline region in
starch granules prior to a reversible hydration of the amorphous
phase, which results in the destruction of the granular structure
(Blaszczak et al., 2007; Rubens & Heremans, 2000). Moreover,
water reactivity is also increased during pressurization
(Vainionpaa et al., 1993). It is expected that pressure will enhance
the process of water diffusion into starch granules, especially into
the amorphous phase. The diffusion leads to break the crystal
structure further. Therefore, gelatinization could start at the room
temperature, zero or even subzero temperatures if pressure is high
enough (Muhr & Blanshard, 1982; Stolt, Stoforos, Taoukis, & Autio,
1999; Stute et al., 1996; Thevelein, Van Assche, Heremans, &
Gerlsma, 1981). In present experimental work the pressure was
only in the range of 0.1–10 MPa. The decreased DSC enthalpy
under pressure supports the theory that some order structure
has been destroyed, but the relatively low increase in pressure
seems to only affect samples to a certain level.

Although the gelatinization enthalpy corresponds to the overall
crystallinity of amylopectin, loss of double-helical order is consid-
ered to be responsible for the enthalpic transition in the DSC ther-
mograms (Altay & Gunasekaran, 2006; Cooke & Gidley, 1992; Liu
et al., 2006; Liu & Thompson, 1998; Waigh, Gidley, Komanshek,
& Donald, 2000. Moreover, two types of phase transition were sug-
gested in starch granules: helix–helix dissociation and helix–coil
transition (Waigh, Donald, Heidelbach, Riekel, & Gidley, 1999;
Waigh et al., 2000). The relatively lower pressures in the present
experimental work only dissociated the helices side by side, but
were not high enough to damage the double helices to coil state.
The destruction of inter-helix interactions under pressurization
condition results in decreasing gelatinization enthalpy. However
the remaining double helices are stabilized even at higher pres-
sure, since the nature of the consistent helices (their length, cohe-
sive energy, etc.) was not changed (Waigh et al., 2000). That
explained why the To and Tp were increased while the Tc remained
constant for pressurized samples in DSC thermograms.

Fig. 6 shows the DSC thermograms of the sample annealed at
just below its gelatinization temperature (60 �C) under atmo-
spheric and 5 MPa pressure (air) conditions for different times.
The observable increase in gelatinization temperatures was accom-
panied by a narrowing of gelatinization temperature interval inde-
pendent of pressure. The comparison of the effect of annealing on
the gelatinization temperature and enthalpy is provided in Fig. 7. It
is observed that, though samples under different conditions had
different To and Tp of gelatinization, they had similar increasing
trend with increasing annealing time. The Tc of gelatinization re-
mained stable, with no effect of pressure. Moreover, there was
no discernable change of enthalpy during annealing process.
Starch annealing is defined as a physical reorganization of
starch granules in water at a temperature above the glass transi-
tion but below the gelatinization temperature (Jacobs et al.,
1998; Knutson, 1990; Krueger, Knutson, Inglett, & Walker, 1987a;
Larsson & Eliansson, 1991; Tester, Debon, & Karkalas, 1998). It im-
plied the physical treatment only modified the physicochemical
properties of starch without destroying the granule structure.
Annealing increases the starch gelatinization temperature and nar-
rows the temperature range (Gough & Pybus, 1971; Hoover &
Vasanthan, 1994; Tester, Debon, & Sommerville, 2000; Tester
et al., 1998; Yost & Hoseney, 1986). The unchanged enthalpy for
waxy starch under atmosphere pressure has been discussed by
previous researchers (Krueger, Walker, Knutson, & Inglett, 1987b;
Larsson & Eliansson, 1991; Tester et al., 2000). However, to the best
of our knowledge, there is no paper reporting about the effect of
annealing under a certain pressure. From the present work, it is
seen that gelatinization enthalpy remained stable during the
annealing process no matter with or without pressure. The pres-
surization had little extra influence for the annealing effect. The
recognizable increasing To, Tp and the decreasing enthalpy, for
the samples annealed with pressure, were due to dislocation of
the amylopectin helices next to each other as the pressurization
was built up. The natures of the double helices were not altered
by annealing below their unwinding transition.



Fig. 8. Morphologies of waxy starch under normal and polarized light: native (A and a) and treated (B and b) starch granules under 5.0 MPa pressure for 5 h.

Fig. 9. Scanning electron micrographs of native and pressurized waxy starch: native (A) and treated (B) starch granules under 5.0 MPa pressure for 5 h.
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Fig. 8 shows the micrographs of native and pressure treated
starch samples under normal and under polarized light. All sam-
ples exhibit typical granule shape (A and B) and birefringence un-
der polarized light (a and b). It is seen that there is no observable
difference for the samples with and without pressure treatment
(5 MPa). That indicates the pressure may enhance the diffusion
of water into the amorphous phase but is not high enough to de-
stroy crystalline structure. Fig. 9 shows the granules observed by
SEM. There are no discernable changes of size but the surface of
the treated samples has become smoother. The smooth surface
can also be explained by the water diffusion and granule swelling.
These microscopic observations correspond with the DSC results.

4. Conclusion

Effect of pressure and annealing under pressure on the gelatini-
zation of waxy corn starch were systematically studied using a
high pressure DSC, in particular the gelatinization temperature
and enthalpy. The intensity of the pressure significantly influenced
the gelatinization of starch rather than the type of gas. The gelati-
nization temperature was increased while enthalpy was decreased
under pressure for the loss of weaker inter-helix structure. How-
ever the endotherm M1, which is attributed to double helices
structure, remained stable. Annealing the starch just below its
gelatinization temperature under atmosphere and high pressure
increased the gelatinization temperature but the gelatinization en-
thalpy remained constant. The effect of pressure on gelatinization
can be explained by the water diffusion. Morphological variations
of starch granules treated under pressure were studied by micro-
scope and SEM, and no observable changes were detected under
present experimental condition.
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