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a  b  s  t  r  a  c  t

The  dielectric  response  of  native  wheat  starch–water  slurries  containing  5–60%  starch  (w/w)  was  mea-
sured in  the  frequency  range  of  0.2–20  GHz  after  heating  the  slurries  to  7  different  temperatures  between
25  and  90 ◦C  for  30  min.  Three  relaxations,  with  relaxation  time  range  of  4–9  ps,  20–25  ps  and  230–620  ps
at  25 ◦C, were  identified  from  the  dielectric  spectra  of  starch  slurries.  The  fastest  relaxation  process
(4–9  ps)  was  attributed  to  bulk  water  while  the  two  slower  relaxations  were  attributed  to the  confined
eywords:
tarch gelatinization
ielectric spectroscopy
ater mobility

onfined water

water  molecules  present  in the  starch–water  system.  The  amount  of  water  exhibiting  the  slowest  relax-
ation  (230–620  ps)  was  calculated  to be  0.08–0.16  g  water/g  starch,  which  was  close  to the  monolayer
water  associated  with  wheat  starch.  Mobility  of  bulk  water  was  significantly  reduced  (P <  0.001)  upon
gelatinization  at  low  starch  concentration  (10%  starch),  but  remained  unaffected  at  higher  starch  con-
centrations.  The  mobility  of  two  slower  relaxing  water  species  was  not  significantly  influenced  (P > 0.19)

rch  c
ulk water by  gelatinization  at all  sta

. Introduction

Starch gelatinization is an irreversible order-to-disorder phase
ransition which occurs when starch granules are heated in the
resence of water (Donovan, 1979; Jenkins & Donald, 1998). Gela-
inization influences the texture, digestibility and shelf-life of
everal food products such as bread, cereals and pasta products. The
hysico-chemical events occurring during gelatinization, i.e. gran-
lar swelling, crystallite melting and viscosity development are
overned by the amount of water available to the starch granules.
n fact, starch–water interactions are key to developing a mech-
nistic understanding of the gelatinization process (Baks, Ngene,
an Soest, Janssen, & Boom, 2007; Waigh, Gidley, Komanshek, &
onald, 2000).

Several models have been proposed to explain the differences
n the gelatinization mechanisms in excess and intermediate water
onditions (Evans & Haisman, 1982; Slade & Levine, 1988; Waigh
t al., 2000). In the presence of excess water (>70% w/w),  pro-
ressive heating of the starch granules weakens the stabilizing

ydrogen bonding forces inside the granule resulting in water pen-
tration and granular swelling (Parker & Ring, 2001). Continued
welling disrupts the ordered radial orientation of the amylopectin
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chains and results in loss of native crystalline order due to the
hydration-facilitated melting of the crystallites (Buleon & Colonna,
2007). At intermediate water concentrations (30–70% w/w), there
is not enough water for the hydration of all the starch granules,
which broadens the temperature range of gelatinization (Biliaderis,
2009; Parker & Ring, 2001). Thus, in contrast to the excess water
conditions where gelatinization results in a single DSC endother-
mic  peak (referred to as G), two endothermic peaks (referred to
as G and M1)  are observed at intermediate water concentrations
(Donovan, 1979).

Starch–water interactions have mainly been studied using 1H,
2H and 17O Nuclear Magnetic Resonance (NMR) and differen-
tial scanning calorimetric (DSC) techniques. 1H NMR  spectroscopy
revealed two  populations of water molecules, described as
bound and weakly bound water, in wheat starch–water sus-
pensions (Le Botlan, Rugraff, Martin, & Colonna, 1998). Later
Tang, Godward, and Hills (2000),  using 2H NMR  techniques,
showed the existence of at least three water populations in
potato starch–water systems, which were assigned to water
molecules in the amorphous growth regions, semi-crystalline
lamellae, and channel water inside the hexagonal channels
of amylopectin crystal clusters. Tananuwong and Reid (2004)
investigated the extent of starch–water interactions by deter-
mining the amount of additional unfrozen water (AUW) using

DSC. While these studies have improved the understanding of
starch–water interactions, the effect of water content on the change
in water mobility during gelatinization is still not well under-
stood.

dx.doi.org/10.1016/j.carbpol.2011.06.057
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:tanuj.motwani@nstarch.com
mailto:tanujmotwani@yahoo.com
dx.doi.org/10.1016/j.carbpol.2011.06.057
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Dielectric relaxation spectroscopy (DRS) is a widely used
ethod to study biopolymer–water interactions (Mashimo, 1997;

issis, 2005). Dielectric relaxation monitors the motion of a molecu-
ar ensemble by measuring the response of the total dipole moment
f the ensemble to an externally applied electric field (Schönhals

 Kremer, 2003). Water molecules, owing to their dipolar nature,
ndergo orientational polarization and exhibit dielectric relax-
tion in the microwave frequency region (Ellison, Lamkaouchi, &
oreau, 1996; Von Hippel, 1988). This relaxation is characterized

y a peak in the dielectric loss (ε′′) and a step-like decrease in
he dielectric constant (ε′). In the presence of biopolymers such
s starch, a fraction of water molecules are confined such that
heir mobility is slowed down due to the restraining effect of the
hysical matrix (Hayashi, Shinashiki, & Yagihara, 2002; Ryabov,
eldman, Shinyashiki, & Yagihara, 2002). These water molecules
xhibit slower relaxations as compared to the bulk water molecules
Mashimo, 1994).

Dielectric relaxation has the potential to elucidate important
acets of starch–water interactions during starch gelatinization.

ost of the previous studies have focused on the relaxation
rocesses occurring in starch polymers, and hence starch–water
ystems with <15% moisture (w/w) have been used (Butler &
ameron, 2000; Einfeldt, Mei�ner, Kwasneiwski, & Einfeldt, 2001;
aredo, Newman, Bello, & Mueller, 2009; Majumder, Meißner, &
chick, 2004; Ono, Kuge, & Koizumi, 1958a; Ono, Kuge, & Koizumi,
958b). This ruled out the effects of granule swelling occurring
uring gelatinization. In the presence of relatively higher moisture
33–46% w/w), wheat starch–water systems exhibited six relax-
tions in the frequency range of 10−3–106 Hz and temperature
ange of −90 ◦C to 80 ◦C. These relaxations were assigned to the
ifferent kinds of motions in starch polymeric chains (Majumder,
ei�ner, Schick, & Roy, 2006). Dielectric spectra of starch–water

ystems at progressive levels of hydration from 0.5 to 50% water
t room temperature showed the presence of up to three relax-
tions in the frequency range of 101–1010 Hz (Abadie, Charboneirre,
idel, Girard, & Guilbot, 1953). In our previous study (Motwani,
eetharaman, & Anantheswaran, 2007), we reported that dielec-
ric constant of 20% starch slurries at 2450 MHz  could be used to

onitor the degree of corn starch gelatinization. In this study, we
resent a detailed investigation of the state and mobility of water in
he starch–water systems in the gelatinization temperature range
sing dielectric relaxation spectroscopy in the frequency range of
.2–20 GHz.

. Materials and methods

.1. Dielectric measurements

Native wheat starch (MidsolTM 50, MGP  Ingredients, Atchison,
S) and deionized water were used to prepare starch slurries with 7
ifferent concentrations between 5 and 60% starch (w/w,  dry basis).
he slurries were hydrated and mixed for 1 h at room temperature
nd then deaerated for 30 min  using a peristaltic pump (Master-
ex I/P, Cole Palmer, Vernon Hills, IL). The deaerated slurries were
laced in specifically designed 15 ml  jacketed beakers (28 mm ID,
5 inside height) connected to a circulating water bath (Model
105, Polyscience, Niles, IL) and heated to seven different temper-
tures between 25 and 90 ◦C for 30 min. The dielectric response
f the heated suspensions was measured using a vector network
nalyzer (Agilent/HP 8510C, Palo Alto, CA) using a coaxial cable con-
ected to a dielectric probe (HP 85070B, Hewlett Packard Co., Santa

osa, CA). The network analyzer was calibrated using air, metallic
hort, and deionized water at 25 ◦C and a frequency sweep was  per-
ormed to obtain dielectric constant and dielectric loss factor data
t 400 linearly spaced frequency points between 0.2 and 20 GHz.
Polymers 87 (2012) 24– 31 25

The dielectric constant and the loss factor values were calculated
by the software provided by the manufacturer (Agilent 85070 E,
Palo Alto, CA).

The dielectric response at 25 ◦C was measured for all the con-
centrations but only 10%, 30% or 50% suspensions were used to
measure the dielectric response at elevated temperatures. Fresh
samples were used for each measurement. The dielectric measure-
ments were randomized and three independent replicates were
performed for each temperature and concentration.

2.2. Analysis of dielectric spectra

The measured dielectric response of the starch–water systems
was  deconvoluted into separate relaxations using multi-step Debye
spectral function expressed as,

ε∗(ω) = ε∞ +
n∑

j=1

�εj

1 + iω�j
− i

�dc

ε0ω
(1)

where ε*(ω) is the relative complex permittivity, n are the number
of separable relaxations in the measured frequency range, �dc is the
direct current (DC) conductivity, ε0 is the permittivity of free space,
and �εj and �j are the dielectric relaxation strength and relax-
ation time, respectively, of the jth relaxation process (Kao, 2004;
Schönhals & Kremer, 2003). The real and the imaginary parts of
the complex relative permittivity in Eq. (1) could be expressed as
(Asami, 2002),

ε′(ω) = ε∞ +
n∑

j=1

�εj

1 + (ω�j)
2

(2)

ε′′(ω) =
n∑

j=1

�εj(ω�j)

1 + (ω�j)
2

+ �dc

ε0ω
(3)

The experimental data for the dielectric constant and dielectric
loss, obtained as a function of frequency, were fitted to Eqs. (2)
and (3) simultaneously using non-linear least squares regression
using GraphPad Prism ver 4 (GraphPad Softwares Inc., La Jolla, CA).
To obtain a quantitative estimate of the goodness of the fit, the
normalize variance, S2

N , was  measured as,

S2
N = 1

N − P − 1

⎡
⎣ N∑

j=1

(
ıε′(ωj)
ε′

max

)2

+
N∑

j=1

(
ıε′′(ωj)

ε′′
max

)2
⎤
⎦ (4)

where N are the total number of measurement frequencies, P is the
number of fitted parameters, ıε′(ωi) and ıε′′(ωi) are the residuals
for dielectric constant and loss, respectively. The parameters ε′

max
and ε′′

max in Eq. (4) are the maximum values of dielectric constant
and loss factor, respectively, and functioned as the weighing factors
(Fuchs & Kaatze, 2001; Lu, 2005).

2.3. Statistical analysis

Three independent replicates of the relaxation times and rel-
ative relaxation strengths (amount of water associated with each
relaxation) were obtained at each concentration and temperature
of measurement. A crossed design with starch concentrations (10%,
30%, 50%) and temperatures (25 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C, 80 ◦C,
90 ◦C) as fixed factors was  used to analyze the relaxation parame-

ters using analysis of variance at  ̨ = 0.05% using the General Linear
Model of Minitab software (ver 15.0, Minitab Inc., State College, PA).
This was  followed by post hoc analysis using Tukey’s HSD test at

 ̨ = 0.05%.
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Fig. 1. Deconvoluted dielectric spectra of 10% starch slurry at 25 ◦C showing dielec-
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Fig. 2. Deconvoluted dielectric spectra of 50% starch slurry at 25 ◦C showing dielec-
′
ric constant (ε′) and dielectric loss factor (after removing the contribution due to dc

onductivity) (ε′ − �dc). The solid lines represent the best fit to the spectra obtained
sing Eq. (1).

. Results and discussion

.1. Dielectric spectra of starch slurries

The dielectric spectra of slurries having ≤ 20% starch exhibited
wo relaxations (j = 2 in Eq. (1)), while at higher starch concen-
rations, three relaxations were observed (j = 3 in Eq. (1)). The
elaxation times in the 10% starch slurry were 7.2 ± 0.03 ps and
9.7 ± 1.0 ps at 25 ◦C (Fig. 1), while those for 50% starch slurry were
.2 ± 0.1 ps, 21.9 ± 0.2 ps and 524.8 ± 21.7 ps at 25 ◦C (Fig. 2). These
elaxations will be referred to as high, intermediate and low fre-
uency relaxations, respectively.

The relaxation time of the high frequency process (�h) was close
o the relaxation time of pure water (8.28 ± 0.02 ps) and could be
ttributed to the rotational motion of bulk water molecules present
n the starch–water system. This relaxation process denoted that
he corresponding water molecules exhibited a behavior dom-
nated by water–water hydrogen bonding and were located in
egions where the local environment resembled bulk water.

The intermediate frequency relaxation was ∼2–4 times slower
s compared to bulk water and molecules exhibiting this interme-
iate process were clearly more restrained as compared to bulk
ater. The presence of similar relaxation (� = 23 ps) in starch slur-

ies with starch concentrations between 50 and 70% (w/w) has
een reported previously as well (Abadie et al., 1953). The water
olecules exhibiting intermediate frequency process were inter-

cting with both bulk water and slower relaxing environments
uch as starch polymeric chains or highly confined water molecules
ssociated with the starch granule.

The low frequency relaxation was observed only for higher
tarch concentrations (30% starch and above). This relaxation had a
ielectric loss peak in the vicinity of 300–500 MHz  at 25 ◦C and was
eaker than intermediate and high frequency processes. Ours is

he first study to report such a relaxation in starch–water systems.

ow frequency relaxations in the MHz  region are generally ascribed
o highly confined water (Mashimo, Kuwabara, Yagihara, & Higasi,
987; Miura, Yagihara, & Mashimo, 2003). These relaxations have
een reported to occur in a variety of biomaterials such as globu-
tric constant (ε ) and dielectric loss factor (after removing the contribution due to dc
conductivity) (ε′′ − �dc). The solid lines represent the best fit to the spectra obtained
using Eq. (1).

lar proteins (Miura, Asaka, Shinyashiki, & Mashimo, 1994), gellan
gum (Mashimo, Shinyashiki, & Matsumura, 1996), bovine serum
albumin (Miura, Hayashi, Shinyashiki, & Mashimo, 1995), native
and heat-denatured ovalbumins (Sun, Ishida, & Hayakawa, 2004),
raw fish and chicken (Miura et al., 2003). These highly confined
water molecules exhibit strong interaction with the starch poly-
mers which could be attributed to hydrogen bonding. These water
molecules are similar to monolayer water molecules described in
the classic water binding regimes such as BET and GAB. To elucidate
the nature of these water molecules, the amount of water exhibit-
ing this relaxation was determined by investigating the effect of
starch concentration on the dielectric response.

3.2. Effect of starch concentration on dielectric response

The effect of starch concentration on the relaxation times of
high, intermediate and low frequency relaxations is shown in
Fig. 3. The high frequency relaxation time (�h) of 5% starch slurry
(8.6 ± 0.02 ps) was  close to the relaxation time of pure water
(8.28 ± 0.02 ps) (Kaatze, 1997) further confirming that this relax-
ation process was due to bulk water. The value of �h decreased
upon increasing the starch concentration from 5% to 30%, indicat-
ing shifting of the loss peak to higher frequencies upon increasing
the starch concentration. The relaxation behavior of bulk water is
usually described in terms of the wait-and-switch model which
relates the molecular motions of water to its structural properties
(Kaatze, 2000). According to this model, dielectric relaxation time
is controlled by the time for which a water molecule has to wait
to reorient itself until a suitable site for formation of a new hydro-
gen bond exists. The reorientation process resembles switching and
occurs within 0.1 ps (Behrends, Fuchs, Kaatze, Hayashi, & Feldman,
2006; Kaatze, 2000). The local concentration of hydrogen bond-
ing abilities acts as a dominant influence on the reorientational

behavior of water, and hence, dielectric relaxation of bulk water
is described to be co-operative in nature (Ryabov et al., 2002). The
presence of polymer in the polymer–water mixture reorganizes the
water into specific cooperative structures which are influenced by
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Fig. 3. Effect of starch concentration on high frequency (�h), intermediate frequency
(�im) and low frequency (�l) relaxation times at 25 ◦C. Intermediate frequency relax-
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Fig. 4. Effect of starch concentration on the amount of water exhibiting high, inter-
mediate and low frequency relaxations at 25 ◦C. The calculations for g water/g dry
starch were performed using Eq. (6).  Intermediate frequency relaxation was not
tion was  not observed in 5% starch slurry and the low frequency relaxation was

ot observed in slurries below 30% starch concentration. Error bars represent one
tandard deviation above and below the mean value.

he nature of the polymer (Ryabov et al., 2002). It could be hypoth-
sized that starch polymeric chains reorganized the structure of
ater in a manner that concentration of hydrogen bonding sites in

he vicinity of bulk water molecules increased which resulted in
horter relaxation times.

The intermediate frequency relaxation time (�im) was  indepen-
ent of starch concentration. Low frequency relaxation time (�l)

ncreased with starch concentration from 30% to 50% starch. Further
ncrease in starch concentration from 50% to 60% starch resulted in
rop in the �l. Upon increasing the starch concentration to 60%,
hen starch–water system does not have a continuous medium of
ater, �l was expected to increase owing to additional resistance to

he movement and orientation of water molecules in the presence
f increased amount of starch polymers. Since each relaxation has

 distinct activation enthalpy (Lu, 2005), it could be hypothesized
hat water molecules displaying low frequency relaxation were
ossibly exhibiting less dynamic exchange with the other water
pecies. Increasing starch concentration resulted in higher number
f water molecules exhibiting the low frequency relaxation and
rovided more opportunities for such water molecules to ‘jump’
o other sites without crossing the activation energy barrier. This
ossibly resulted in enhanced mobility and shorter relaxation time.

n the literature, the reorientational motion of water molecules is
ssumed to follow an activated jump mechanism (Kaatze, 2000).

The effect of starch concentration on the dielectric relaxation
trength of starch–water systems is shown in Fig. 4. Since water
olecules were the only relaxing species in the starch–water sys-

em in the experimental frequency range, the relaxation strengths
ere normalized to g water/g dry starch. The calculations were per-

ormed based on the Kirkwood equation according to which the
trength of a relaxation process is proportional to the number of
olecules per unit volume, Ni, exhibiting the relaxation process:
εi = K(Ni) (5)

here K is the proportionality constant which contains infor-
ation regarding the relaxing species such as polarizability,
observed in 5% starch slurry and the low frequency relaxation was  not observed in
slurries below 30% starch concentration. Error bars represent one standard deviation
above and below the mean value.

dipole moment and Kirkwood correlation factor (Kao, 2004; Miura
et al., 1994; Shinyashiki, Shimomura, Ushiyama, Miyagawa, &
Yagihara, 2007). For a single relaxing species (water molecules in
starch–water system) it is reasonable to assume that K remains
constant for the different relaxation processes (Lu, 2005). Assum-
ing that all the water molecules in the starch–water system were
exhibiting dielectric response in the experimental frequency range,
the expression for weight fraction of water molecules (wj) exhibit-
ing jth relaxation can be derived as (Motwani, 2009),

wj

ws
= �εj∑n

j=1�εj

· 1 − ˚s

˚s
· 1

�s
(6)

where ws is the weight fraction of starch, �s is the density of starch,
˚s is the starch volume fraction and �εj is the strength of the jth
relaxation.

Increasing the starch concentration did not influence the
amount of water exhibiting the low frequency relaxation. This
suggested that water molecules exhibiting this relaxation were
hydrogen bonded to the starch chains at the surface of the gran-
ules possibly representing the monolayer water. The intermediate
frequency water could be hypothesized to be the multilayer water
hydrogen bonded to the water molecules exhibiting low and high
frequency relaxations. Water molecules exhibiting high frequency
relaxation exhibited bulk water-like behavior. Increasing starch
concentration reduced the amount of bulk water in the system and
hence, the water molecules exhibiting the high frequency relax-
ation decreased.

The three states of water revealed by the dielectric spectra
could be compared to the classic water binding regimes which pro-
pose multimolecular layering of water sorbed on starch. Based on
the BET model (Brunauer, Emmett, & Teller, 1938), several stud-
ies have suggested the presence of a monolayer of water tightly

bound to hydroxyl groups of starch chains (Hellman & Melvin,
1950; Timmermann, Chirife, & Iglesias, 2001; van den Berg, 1981).
The monolayer moisture content of starch has been reported to
be in the range of 0.079–0.098 g water/g dry starch (Choi & Kerr,
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003; Hellman & Melvin, 1950; Timmermann et al., 2001; van den
erg, 1981) which was close to the range of low frequency water
bserved in this study (0.081–0.161 g water/g dry starch).

According to the BET model, the secondary and higher lay-
rs of water have similar characteristics as liquid water (Hartley,
amke, & Peemoeller, 1992). Dent (1977) modified the BET model

o suggest that secondary and higher layers of water were ther-
odynamically similar to each other but different than bulk water.

his notion was also supported by Guggenheim, Anderson and de
oer (GAB) sorption model (Timmermann et al., 2001). The relax-
tion time of the intermediate frequency process (20–25 ps) was
lmost ∼4 times shorter than bulk water (4–9 ps). Hence, it could
e postulated that water molecules exhibiting intermediate fre-
uency relaxation were different than bulk water and similar to the
econdary layer of moisture indicated by the GAB and Dent mod-
ls. On the other hand, the water molecules exhibiting the high
requency relaxation had bulk water-like behavior and hence they
ould be compared to higher layers of moisture as proposed by the
ET model. It is noteworthy that above-mentioned water sorption
odels (BET, GAB, Dent) describe moisture sorption behavior in a

ange of relative humidity environments. Though the starch–water
ystems used in this study had very high moisture contents as
ompared to moisture sorption in relative humidity environments,
omparable amounts of monolayer and low frequency water indi-
ate similarities in the moisture sorption behavior of monolayer
ater irrespective of the physical environment.

The relaxation time of low frequency water describes the
ature of interaction between the monolayer water molecules and
olymer chains. The low frequency water associated with starch
xhibited shorter relaxation times as compared to that exhibited
y several other biomaterials (0.9–2 ns) (Mashimo et al., 1987). On
he other hand, monolayer water associated with 34% lysozyme
olution had a relaxation time of 640 ps (Pethig, 1992). The slow-
st water population associated with hydrated Nafion membranes
ad a relaxation time range of 78–94 ps (Lu, 2005). The activation
nergy of the low frequency water is ∼3.4–5.3 kJ/mol which is much
ower than that of bulk water (15.9 kJ/mol) (Lu, 2005). The effec-
ive dipole moment of these low frequency highly confined water

olecules is 0.79 Debye which is ∼3 times lower than that for bulk
ater (2.5 Debye) (Pethig, 1992). Longer relaxation time of these
ighly confined water molecules implies increased rotational hin-
rance and decreased involvement with correlated orientations of
urrounding water molecules and hydrogen bonds.

The relaxations due to the segmental motion of starch poly-
er  chains are usually observed in a lower frequency range

10−3–106 Hz) (Majumder et al., 2004, 2006) as compared to the
ange used in this study (108–1010 Hz). Hence, it was quite unlikely
hat the three observed relaxations were due to motion or dipolar
nteractions of starch glucose units.

Similar distributions of different populations of water present
n the starch–water system have been reported previously (Gonera

 Cornillon, 2002; Le Botlan et al., 1998; Ritota, Gianferri, Bucci, &
rosio, 2008; Tang et al., 2000). Tang et al. (2000),  using 1H and
H NMR  methods, reported two populations of water molecules
ssociated with packed bed of maize starch granules at 17 ◦C. The
opulation exhibiting slower dynamics (spin–spin relaxation time,
2 = 25 ms)  was assigned to extragranular bulk water. The faster
elaxation (T2 = 3 ms)  was proposed to be due to two intragran-
lar water populations – water in amorphous growth rings and
ater in amorphous regions in the semi-crystalline lamellae. The

uthors suggested that these two populations were in fast dif-
usional exchange with each other. Recently, Ritota et al. (2008)

eported four populations of water molecules in 25% rich starch
lurry based on the analysis of NMR  relaxation curves. Using a dif-
usive and chemical exchange model, the four populations were
ssigned to extragranular water, water associated with the amor-
of  10% starch slurry. Relaxation time of water as a function of temperature was
obtained from Kaatze (1997) and Von Hippel (1988).  Error bars represent one stan-
dard deviation above and below the mean value.

phous regions of the granule and water trapped in amylose or
amylopectin helices in the crystalline regions. These previous stud-
ies also indicated that water molecules in various sub-populations
inside or outside the granule were in dynamic exchange with each
other. This could possibly explain the overlapping of various dielec-
tric relaxation peaks observed in our study.

3.3. Effect of heating on dielectric response

The effect of heating on high and intermediate frequency relax-
ation times of 10% starch slurry is shown in Fig. 5. The �h values for
10% starch slurry decreased upon elevating the heating end tem-
perature from 25 to 60 ◦C, but did not change significantly (P > 0.18)
upon heating to higher temperatures. The drop in �h values upon
heating has also been observed previously in dilute aqueous sus-
pensions of various starches, gellan gum and albumin (Casasnovas,
2006; Mashimo et al., 1996; Miura et al., 1994). This drop in �h
is expected since bulk water �h has an inverse relationship with
temperature described by,

�h = 1
T

e2140/T × 10−12 s (7)

where T is the temperature in Kelvin (Sihvola, 1999). The �h values
in 10% starch slurry were similar those of the relaxation times of
bulk water reported in the literature (Kaatze, 1997; Von Hippel,
1988). No significant change in �h values upon heating to higher
temperatures (>60 ◦C) suggested that structural changes occurring
in the granules during gelatinization were also influencing the bulk
water dynamics. This was further supported by Casasnovas (2006),
who  reported a change in slope of �h vs. temperature curve of dilute
aqueous suspensions of potato and waxy maize starches during
heating in the temperature range of 65–80 ◦C.
The intermediate frequency relaxation time (�im) of 10% starch
slurry was  not significantly influenced by heating (P > 0.71). Hence,
gelatinization did not influence the rotational mobility of slower
relaxing water species.
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Fig. 7. Effect of heating on the amount of water exhibiting high and intermediate
frequency relaxations observed in the dielectric response of 10% starch slurry. Error
bars  represent one standard deviation above and below the mean value.
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imes of 50% starch slurry. Error bars represent one standard deviation above and
elow the mean value.

The �h, �im and �l values for 50% starch slurry did not change sig-
ificantly upon heating (P > 0.91) (Fig. 6). Similarly, for 30% starch
lurry, no significant differences (P > 0.19) were observed in the
hree relaxation times upon heating the slurries up to 90 ◦C (data
ot shown).

The mobility of high frequency relaxation (bulk water) increased
rogressively upon heating to 60 ◦C for 10% starch slurry, but was

argely unaffected over the entire temperature range for 30% or 50%
tarch slurries. This suggested that heat energy being input was
ntirely being used for disruption of native granular structure, and
he mobility of water was largely unaffected. Tang, Brun, and Hills
2001) also reported no shift in the NMR  transverse relaxation peak
ssociated with bulk water during gelatinization of water saturated
ed of potato starch granules (45% starch). It was  interesting to note
hat even at high starch concentrations (50% starch), where limited
ater was available for granule swelling, the high frequency relax-

tion did not disappear upon heating, even though no extragranular
ater is expected to be left after heating the slurries to higher end

emperatures. This indicated that water present inside the poorly
wollen starch granules could also exhibit bulk water like behav-
or. However, some studies, using NMR  methods, have reported
isappearance of the bulk water relaxation peak after gelatiniza-
ion of starch–water systems containing up to 52% water (Ritota
t al., 2008; Tananuwong & Reid, 2004). This discrepancy in NMR
nd dielectric relaxation results could be due to the different sensi-
ivities and time scales of molecular motion being probed by these
wo methods.

Previous studies have also reported no significant changes in
ater mobility during starch gelatinization at starch concentra-

ions comparable to this study. Ritota et al. (2008) reported that
obility of the most highly restrained water species in 25% rice

tarch slurry exhibited a flat trend during gelatinization. It is
ossible that the increase in kinetic energy upon elevation of tem-

erature was not enough to bring about a change in the rotational
obility of the slowly relaxing molecules. Hence, their relaxation

ynamics was not influenced by heating. Also, as indicated earlier,
he heat energy input was possibly being used for the disruption
Fig. 8. Effect of heating on the amount of water exhibiting high, intermediate and
low frequency relaxations observed in the dielectric response of 50% starch slurry.
Error bars represent one standard deviation above and below the mean value.

of native granular structure, and hence water mobility was not
influenced.

The effect of heating on the amount of water associated with
each relaxation observed in the dielectric spectra of 10% and 50%
starch slurries is shown in Figs. 7 and 8, respectively. The high fre-

quency relaxation was the most dominant relaxation while the
low frequency relaxation was the weakest relaxation at all tem-
peratures for the starch concentrations examined in the study. In
the temperature range of 25–90 ◦C, the amount of bulk water (i.e.



3 drate P

w
8
s
d
a
a
s
b
N
s
T
2

t
a
t
t
r
i
s
n
t
o
l
w
g

t
w
s
a
r
c
d

4

s
T
i
s
i
a
a
t
b
w
l
K
a
w
c
d
t
c
o

R

A

A

0 T. Motwani et al. / Carbohy

ater exhibiting high frequency relaxation) was between 7.8 and
.9 g water/g dry starch for 10% starch slurry, 1.4–1.8 g water/g dry
tarch for 30% starch slurry (data not shown) and 0.4–0.6 g water/g
ry starch for 50% starch slurry. For the sake of comparison, the
mount of bulk water in 25% rice starch slurry, in the temper-
ture range of 20–54 ◦C, was between 0.5 and 1.6 g water/g dry
tarch when calculated on the basis of NMR  T2 measurements, and
etween 1.2 and 2.1 g water/g dry starch when calculated using
MR  T1 measurements (Ritota et al., 2008). For 45% potato starch

lurry, the proportion of extragranular water, measured using NMR
1 measurements was ∼0.9 g water/g dry starch at 25 ◦C (Tang et al.,
000).

Heating did not have any significant effect (P > 0.187) on the rela-
ive strengths of high, intermediate and low frequency relaxations
t all of the starch concentrations. This indicated that gelatiniza-
ion did not influence the relative distribution of water in the
hree water species. Water absorption during swelling of granules
educes the amount of extragranular water. However, the results
ndicated that the majority of water molecules in starch–water
ystem exhibited bulk water like behavior even though there was
o extragranular water left after heating starch slurries to higher
emperatures. Mashimo et al. (1996) also reported that majority
f the water present in the gellan gum gel exhibited bulk water-
ike dynamics. This was attributed to formation of clusters of bulk

ater molecules enclosed by the bound water molecules inside the
el matrix.

Dielectric spectroscopy data of starch–water systems suggest
hat relaxation time can be used for monitoring the mobility of
ater during processing of starch-based foods. Also, relaxation

trength can be used to monitor relative concentration of starch
nd water during food processing. However, little or no change in
elaxation parameters in the gelatinization temperature range indi-
ates that change in water mobility is not a strong indicator of the
egree of starch gelatinization.

. Conclusions

This study showed that aqueous starch systems have up to three
pecies of water molecules with different rotational mobilities.
he rotational mobility of the two slower relaxing water species
s not significantly influenced (P > 0.712) by gelatinization at all
tarch concentrations. The rotational mobility of bulk water, which
s the most mobile water species, is reduced upon gelatinization
t low starch concentration (10% starch), but remains unaffected
t higher starch concentrations. The relative water distribution in
he three water species is not significantly influenced (P > 0.187)
y gelatinization and majority of water molecules exhibit bulk
ater like behavior even though there is no extragranular water

eft due to water absorption during granular swelling. Using the
irkwood model, the amount of water exhibiting the slowest relax-
tion (230–620 ps) was calculated to be 0.08–0.16 g water/g starch,
hich is close to the literature values of monolayer water asso-

iated with wheat starch. Even after the loss of majority of the
ouble helical order and disruption of native granular structure,
he three relaxation peaks do not merge or disappear. This indi-
ates that native granular order is not necessary for the existence
f the three water species.
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