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Using near-infrared spectroscopy and thermogravimetry coupled with differential scanning calorimetry

(TG-DSC), we investigated the characteristics of water in starch and the effects of the inner structure of

starch on dehydration. The results directly show that the dehydration process is significantly more

favorable in native starch than in gelatinized starch. When the starch was heated to 100 �C, the water

retention in gelatinized starch was 22.35 per total water content, much greater than that in native

starch (4.3%). The hydrogen bond network that changes from native starch to gelatinized starch

was simultaneously explored, and the weaker hydrogen bonds were found to be predominant in the

hydrogen bond network of gelatinized starch.
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INTRODUCTION

The interactions ofwatermolecules in polymers have long been
the subject of interest for polymer scientists (1-5). The molecular
level interactions that influence the state of water in macro-
molecules have been studied by nuclear magnetic resonance
(NMR),Raman, infrared, andnear-infrared spectroscopies (6,7).
Angell and Rodgers measured the near-infrared spectra of water
at various temperatures and suggested a disrupted networkmodel
for water described by the exchange of energy between weaker
and stronger hydrogen bonds (8). According to the disrupted
network model, the absorption of water in the near-infrared region
is due to two different classes of O-H oscillators, the so-called
“weakly hydrogen bonded” and “strongly hydrogen bonded”
water oscillators (9). Previous studies also proved that the absorp-
tion bands of the weaker and stronger hydrogen bonds of water
were at 1412and1491nm, respectively (10,11).Thus, theabsorption
bands in the near-infrared region are excellent markers of the
state of water O-H bonds and hydrogen bonds (5). At the same
time, a variety of chemometric techniques have been used in the
analysis of spectroscopic data; for example, partial least-squares
(PLS) regression analysis was successfully used to investigate the
hydrogen bond structure and temperature-dependent infrared
(IR) spectra of water (12).

Starch provides 70-80% of the calories consumed by humans
worldwide, and modified starches have an enormous number of
industry uses (13). Starch exists as granules with both amorphous
and crystalline regions (14). Water is an integral part of the crys-
talline unit cell and also serves as a plasticizer of the amorphous

regions. The crystallites contain 10% water by mass (13), and
watermolecules have been found to be located between the parallel-
stranded double helices of the crystalline part of starch (15, 16).
Moreover, previous studies have aimed to examine the distribu-
tion and state of water within starch granules (17,18) and during
physical or chemical processing (19,20). However, for many OH
groups and the oxygen atom in the starch chain, it is difficult to
study the changes in the hydrogen bond network within starch
and to compare the transportation properties ofwater in different
starch products. Furthermore, because of drying kinetics and appli-
cations, the effect of changes in the inner structure of starch upon
dehydration is quite important to study; however, surprisingly
few data are currently available.

The investigation of water binding and related characteristics
is critical to exploiting the potential of starch applications and
nutritional implications (21). Although no universal definition of
bound water has been adopted because of the complexity and
interaction of the binding forces involved (22, 23), water present
in starchy products is classified into monolayer, multilayer, and
condensed water. Thermogravimetry coupled with differential
scanning calorimetry (TG-DSC) is usually used tomeasure crys-
tallization and phase changes. TG-DSCcould also provide precise
watermass loss information alongwith heat flowdata.Moreover,
near-infrared spectroscopy (NIRS) could reveal the changes in
hydrogen bonds, which form between water and glucose units.

With the techniques of TG-DSC andNIRS, we are interested
in investigating how andwhy the properties of the hydrogen bond
network change when the inner structure of starch is transformed
by thermal treatment.Moreover, the effects of the inner structure
on the properties of starchy products during hydration are also
discussed here.
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MATERIALS AND METHODS

RapidViscoAnalysis (RVA).The pasting temperature of corn starch
was determined using anRVA-4 instrument (Newport Scientific Pvt. Ltd.,

North Ryde, New South Wales, Australia) according to the method of

Zaidul et al. (24). Corn starch samples were added to 25 mL of distilled

water to prepare 20% suspensions on a dry weight basis. Each suspension

was kept at 50 �C for 1min and then heated to 95 �C at a rate of 15 �C/min

and held at 95 �C for 2.5 min. They were then cooled to 50 �C at a rate of

15 �C/min and kept at 50 �C for 2 min.
Preparation of Gelatinized Starch Samples. Gelatinized starch

samples were obtained from corn starch. Native corn starch (sample I)
was slurried in distilled water at a ratio of 1:5. The slurries were heated for

7, 10, and 15 min in a water bath at 70 ( 1 �C and stirred at 200 rpm. To
obtain fully gelatinized starch, we heated another slurry for 60 min in a
water bath at 100 �C. The slurries were cooled to room temperature and
then centrifuged at 1100g for 10min.The slurrieswere subsequently placed
in a freeze-dryer. The freezing process started at-70 �C for 20-30 h. The
vacuum level was lower than 1 Pa, and the ampules were sealed by a gas
burner to maintain the vacuum. Then, the freeze-dried starch was milled for
20 s using aRETSCHZM100 laboratorymill (IKALabortechnik, Staufen,

Figure 1. RVA pasting curve for themixture of native corn starchwith 20%
starch in the mixture.

Figure 2. Surface morphologies (1500�) of different starch samples (I-V).
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Germany). The powderwas sifted througha sievewith amesh size of 1.0mm.
The degree of gelatinization was measured by the enzymatic method (25),
and four kinds of gelatinized starch with degrees of gelatinization of 33.4,
51.3, 68.7, and 96.8% (samples II-V, respectively) were obtained using
this procedure. These samples were kept at 25 �Cabove the drying agent in
a sealed container for further use.

Scanning ElectronMicroscopy (SEM). The surface morphology of
native starch and each gelatinized starch was observed using a Hitachi
S-3400N scanning electron microscope (Hitachi Science Systems, Tokyo,
Japan). The starch samples were mounted and coated with gold under
vacuum. Pictures were captured using automatic image-capturing software
(Hitachi High-Technologies, Pleasanton, CA).

X-rayDiffractionAnalysis.X-ray diffraction patterns of native starch
and each gelatinized starch were recorded using a Rigaku Dmax-2400
X-ray diffractometer with Cu KR radiation (λ= 1.5406 � 10-10 m)
(Rigaku Co.). The measurement conditions were as follows: 40 kV and
100 mA of power, automatic monochromator, 0.5� divergence slit, 0.5�
scattering slit, 0.3� receiving slit, continuous scanmode, 3-40� scan range,
scan rate of 2.0�/min, and scan step of 0.02�.

TG-DSC Analysis. One aliquot (∼1 g) of each starch sample was
placed above distilled water in a sealed container kept at room temperature.
All samples were moistened until the water content reached a constant
concentration (∼17% g/g). The moisture content was determined using
modified ISO Method 1666, and the samples were dried in an oven at
130 �C for 4 h (26). Then, each sample was analyzed by TG-DSC (Q600,
TA Instruments) with each treatment performed in triplicate. Data from
the TG-DSC analysis were subjected to standard deviation analysis.

A platinum cup was used in the TG-DSC test, and the weight of each
samplewas constant at 15( 0.1mg. Scanswere collected at a constant rate
of heating (5 �C/min) to 200 �C. The inflection temperatures were deter-
mined from the scans at 20 �C. The mass losses were recorded, and a first
estimationof themoisture contentswas determined according to the normal-
ized scans in which the actual mass was divided by the initial mass.

NIR Analysis. Each starch sample was placed above distilled water
and then moistened with∼17%water (g/g), similar to how the NIR spectra
were obtained. The spectrumof each starch sample was continuouslymea-
sured through spontaneous dehydration in desiccators until each sample
was dried to ∼5% (g/g); the time interval between measurements was
∼5 min at first and ∼30 min for the final measurements.

An NIRS system (Perten DA7200, Perten Instrument AB) equipped
with a ceramic reference plate was used. Tominimize sampling error, all of
the samples were analyzed in triplicate. Calculation of the derivative spectra
and partial least-squares analysis of the spectral data were performed in
Unscrambler version 9.8 (CAMO ASA, Trondheim, Norway).

WaterSorption Isotherm.Water sorption isothermswere determined
gravimetrically by placing gelatinized starch samples in constant relative
humidity environments, which consisted of desiccators containing satu-
rated salt solutions: LiCl (0.113), MgCl2 (0.336), CH3COOK (0.431),
NaBr (0.635),NaCl (0.757), (NH4)2SO4 (0.824), BaCl2 (0.903), andK2SO4

(0.98). The samples were used to produce desorption isotherms that were
found tohave an awof>0.95.The analysis of thewater sorption-desorption
isotherms was performed in triplicate. Furthermore, the Guggenheim-
Anderson-deBoer (GAB) equationwas used tomodelwater sorption (27)
and to predict the monolayer water values in our studies:

V ¼ WmCkAw

ð1 - kAwÞð1 - kAw þ CkAwÞ
where V is the moisture content (grams per 100 g dry sample), Wm is the
monolayer moisture content (grams per 100 g dry sample),Aw is the water
activity, and C and k are constants. Data were analyzed using SPSS
version 16 (SPSS Inc., Chicago, IL). The GAB model was applied using
nonlinear regression, and the correlation coefficient (R2) was used to
evaluate the quality of the fit.

RESULTS AND DISCUSSION

Determination of the Pasting Temperature of Corn Starch. To
obtain starch samples through serial gelatinization, it is important
to acquire the optimum conditions for gelatinization, which is
a more complex process. The onset gelatinization temperature
of starch granules in water can be measured by various indirect

methods, includingRVA(28) andDSCanalysis (24).Figure 1 shows
the RVA pasting curves for corn starch, and the onset pasting
temperature is 74 �C. A previous study proved that some leaching
of amylose begins at a temperature below the gelatinization tem-
perature because of its location in noncrystalline regions and the fact
that amylose is a relatively small, linear polymer molecule that can
diffuse out of granules (29). To obtain sampleswith lower degrees of
gelatinization, we selected 70 �C as the heating temperature for corn
starch, which was below the gelatinization temperature.

Granular Changes of Heat-Treated Corn Starch. SEM pictures
proved that corn starch exhibited gradual changes in granular
morphology, and the outermost layers of the granules tended to
maintain their integrity when the corn starch was heated for 10min
at 70 �C (Figure 2). As the heat treatment time increased to 15 min,
dramatic changes occurred in the corn starch granules, which
disintegrated as the internal structure and free movement of the
starch polymers destabilized the granules’ internal structure. Our
observations are in agreementwith those ofRatnayake and Jackson,
who reported that themolecular level reorganizationof the granules
underwent considerable changes when corn starch was heated to
temperatures below the onset gelatinization temperature (30). Our
results also proved that the granule was completely disrupted
and swollen as a plasticizer when corn starch was heated to 100 �C
for 60 min.

Crystallinity Changes of Heat-Treated Corn Starch. To further
explore the crystallinity changes, eachgelatinized starchwasanalyzed
byX-ray diffractometry.Figure 3 shows theX-ray diffractograms
of corn starch before and after the heating process. These results
show that the crystallites were better packed and preserved when
the starchwas heated to 70 �C for 7min, and theX-ray diffraction
profile of gelatinized starch is distinguishable. Although the
granular morphology was not affected when the heat treatment
time increased to 10 min (Figure 2C), the melting of the starch
crystallites was observed, and the degree of gelatinization in-
creased from33.4 to 51.3%.As the heating time increased, amore
significant reduction in crystallinity was observed. Furthermore,
when the corn starchwas heated inwater to 100 �C for 60min, the
X-ray diffraction patterns exhibited few diffraction peaks, which
meant that most of the gelatinized starch sample with a degree
of gelatinization of 96.8% was amorphous solid starch. These
results describe the progressive morphological changes in starch
crystallites when the heating temperature was below the onset
gelatinization temperature. At the same time, our results also prove
that gelatinization is a nonequilibriummelting process and, actually,

Figure 3. X-ray diffractograms of different starch samples (I-V).
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a continuumof relaxation processes that occur during the heating
of starch in water.

Dehydration Behavior Analyzed by TG-DSC. The effect of
inner structure on the dehydration behavior of gelatinized starch
was studied by TG-DSC. Figure 4A shows DSC plots of each
gelatinized starch, and the thermal studies show the same thermal

stability between the native starch and each gelatinized starch,which
indicates that only moisture release could contribute to weight
loss in the samples. As depicted by the TG curves in Figure 4B,
a significant loss of mass occurred before 100 �C for all kinds
of corn starch samples under the same heating process. As the
temperature increased above 100 �C, there was a slight decrease in
mass for the native starch and gelatinized starch sample III, which
ranged from 2.96 to 4.3 g/total water content (Table 1). However,
we found that the weight losses for gelatinized starch sample IV
and full gelatinized starch were 19.76 and 22.35 g/total water
content, respectively.

Figure 4C shows the dehydration rate of native starch and each
gelatinized starch under the same heating process. When the
heating temperature ranged from 45 to 92 �C, the dehydration
rates of samples IV and V were lower than those for native starch
and other partially gelatinized starches. As the temperature in-
creased above 92 �C, the dehydration rates of samples IV and V
were higher than those for other samples. In conclusion, our results
showan apparent difference between the dehydration behavior of
water in native starch and that in partially and fully gelatinized
starch and directly prove that the inner structure of starch has a
significant effect on the drying kinetics of water.

Chemometric Analysis of Gelatinized Starch. The NIR spectra
of each gelatinized starch with a moisture content from 5 to 17%
(g/g) after baseline corrections and normalizing pretreatments are
shown in Figure 5A, and the first-derivative spectra are shown in
Figure 5B. Significant differences among these spectra for each
gelatinized starch are observed at∼960 and∼1491 nm, indicating
that the hydrogen bond network was transformed by the modi-
fication of gelatinized starch (31, 32).

The spectral vectors obtained from partial least-squares (PLS)
regression analysis were directly related to the concentration of
interest, and PLS was performed on each set of NIR spectra for
native and gelatinized starch. The variations in the first spectral
vectors of each set of starch samples extracted by PLS analysis
are plotted inFigure 5C. The intensity of the band at 1491 nm,which
was an excellentmarker of the stronger hydrogen bond, decreased in
gelatinized starch. It could be concluded that the stronger hydrogen
bandof thehydrogenbondnetworkofwater in starchdecreaseswith
the melting of crystallites. A previous study proved that water
molecules are located in crystalline colloidal particles that are formed
during starch synthesis (14). Furthermore, Imberty et al. found that
half of the water molecules are tightly bound to the double helices of
starch crystalline particles, and the remainder forms a complex
network centered around the 6-fold screw axis of the unit cell (33).
Thus, the disruption of both the amorphous and crystalline struc-
tures during heat treatment results in a loss of molecular order
and water in crystalline starch particles, and the number of strong
hydrogen bonds decreases with the melting of crystallites.

Figure 4. DSC thermograms (A), mass loss (B), and mass loss rate
(C)measured by TG-DSC in a heating temperature range from 20 to
200 �C for different starch samples (I-V).

Table 1. Distribution of Dehydration Rates Measured by TG-DSC with
Heating Temperatures of 20-200 �C for Different Starch Samples (I-V)

sample

total water

content

(%dry base)

dehydration

value Ia

(%dry base)

ratio of

dehydration

value Ib

dehydration

value IIc

(%dry base)

ratio of

dehydration

value IId

I 18.6 17.8( 0.2 95.69% 0.8( 0.2 4.3%

II 16.9 16.4( 0.2 97.04% 0.5( 0.2 2.96%

III 16.7 16.1( 0.3 96.41% 0.6( 0.3 3.59%

IV 16.7 13.4( 0.4 80.24% 3.3( 0.4 19.76%

V 17.0 13.2( 0.3 77.65% 3.8( 0.3 22.35%

aDehydration value at heating temperatures ranging from 20 to 100 �C. The data
in the column are means( the standard deviation (SD) (n = 3). bRatio of dehydration
value I in total water content. cDehydration value at heating temperatures ranging from
100 to 200 �C. The data in the column are means( SD (n = 3). dRatio of dehydration
value II in total water content.



260 J. Agric. Food Chem., Vol. 59, No. 1, 2011 Lv et al.

Wealso found that the intensity of the band at 960 nmdecreased
fromnative starch to sample V (Figure 5C). The ratio between the
peak area at 1412 and 1491 nm increased. The results described
above prove that the amount of freewater decreases in starch, and

the number of weaker hydrogen bonds in the hydrogen bond
network of water increases with the melting of crystallites. In the
TG-DSC analysis described above, we found that the dehydra-
tion rate decreasedwith an increase in the degree of gelatinization.

Figure 5. Set of 100 NIR spectra (A) and first-derivative NIR spectra (B) of different starch samples (I-V) containing water ranging from a level of 5 to 17%
(g/g, dry base). (C) First PLS vector calculated from each data set of 20 NIR spectra of the different starch samples.
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The heating process likely resulted in the increase in the number
of amorphous structures, which led to an increase in the number
of sites and groups taking part in water binding and a decrease
in condensed water capacity. In this view, more and more bound
water in starches could yield a decrease in their diffusion coeffi-
cient, and the decreased diffusion velocity could impede drying
because of the slower diffusion of water to the surface. Thus, the
dehydration rate decreased with the increase in the degree of
gelatinization.

Changes in Monolayer Water Values of Gelatinized Starch.

Several mathematical models, including the GAB equation, which
have been used to describe water sorption isotherms (Figure 6),
could estimate the content of monolayer water (34). In our
studies, the GAB equation was used to fit the experimental data
of gelatinized starch, whereR2>0.99 in all cases. The parameters
C, k, and Wm calculated from the GAB equation are listed in
Table 2. The monolayer value for the native starch was higher
than thoseof the starch sampleswithhigherdegreesof gelatinization.
Our results show that the heating treatment causes a decrease
in the monolayer value, which indicates the stronger affinity of
monolayer water compared to multilayer and condensed water.
A very similar conclusion was reached by Wzodarczyk-Stasiak
and Jamroz, who suggested that monolayer values decreased in
starch-protein extrusions (35).

Furthermore, the monolayer values for starch samples with
higher degrees of gelatinization of 70 and 100% were lower than

those of native starch, which agree with the results obtained
for the changes in the hydrogen bond network. To study the
differences in the binding forces of water, water present in starch
or food is conventionally classified intomonolayer, multilayer, or
condensed water. While water can be tightly bound to the double
helices of crystalline starch particles, the monolayer capacities
of crystalline regions could be higher than those of amorphous
regions in starch. The crystallites of starch granules would be
pulled apart during the heat treatment and eventually undergo
hydration and melting, which are intimately related to the disrup-
tion of stronger hydrogen bonds and hydration. The gelatiniza-
tion process resulted in the increase in the number of amorphous
structures in the product, which led to a decrease in monolayer
capacity.

In conclusion, the hydrogen bond network of water in starch,
which includes strong and weak hydrogen bonds, was investi-
gated in this work. While the magnitude of this influence on the
inherent properties of starch remains debatable, it is clear that the
ratio of stronger to weaker hydrogen bonds in starch is respon-
sible for the dehydration behavior of starchy products. We also
observed differences in the dehydration processes between native
starch and gelatinized starch. Our data directly prove that the
structure changes that occurs during heat treatment affect the
availability, quality, and number of sites and groups that partic-
ipate in water binding.
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