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a b s t r a c t

Aqueous dispersions of high-amylose corn starch were steam jet cooked and blended with aqueous solu-
tions of sodium palmitate to form amylose inclusion complexes. The rheology of dispersions of these
complexes was examined. Acetic acid was added to reduce the pH, converting complexed sodium palmi-
tate to palmitic acid. Associations of the complexed palmitic acid and reduced electrostatic repulsion
resulted in a sharp increase in the linear viscoelastic properties of the materials. Further reduction of
the pH led to precipitation of palmitic acid complexes and a decrease in the gel strength. Temperature
ramps showed a sharp, reversible decrease in the elastic modulus. The temperature at which this decrease
eywords:
tarch gel
heology
team jet cooking
mylose

nclusion complex

occurred depended on both the concentration and pH.
Published by Elsevier Ltd.
hermoreversible gel

. Introduction

In a series of studies aimed at producing new starch-based com-
osites based on amylose inclusion complexes, we have used steam

et cooking as an inexpensive, large-scale processing method. The
igh-temperature and high-shear conditions of excess steam jet
ooking (Klem & Brogley, 1981) substantially solubilize granular
tarch and reduce its molecular weight (Byars, 2003; Dintzis &
anta, 1996). When cooled, complexes formed from dispersions
f jet-cooked starch and palmitic or oleic acid formed insoluble
pherulites, the size and morphology of which depended on the
atty acid and the cooling rate (Fanta, Felker, Shrogren, & Salch,
008), and concentrated dispersions of the spherulites formed
mooth, flowable pastes with flow properties similar to those of

hortenings (Byars, Fanta, & Felker, 2009). When composites con-
aining the complexes and oil were quickly cooled, the inclusion
omplexes formed submicron particles that allowed very high oil
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rovider and employer.

144-8617/$ – see front matter. Published by Elsevier Ltd.
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concentrations to be entrapped in stable, aqueous systems (Byars,
Fanta, & Felker, 2011; Fanta, Felker, Byars, Kenar, & Shogren, 2009).
When helical inclusion complexes were formed between amylose
and sodium palmitate, spherulites did not form upon cooling, but
the starch instead remained soluble and formed low-viscosity liq-
uids or gels depending on the concentration (Fanta, Kenar, Byars,
Felker, & Shogren, 2010).

Amylose inclusion complexes have been studied extensively,
and their preparation and properties have recently been reviewed
(Putseys, Lamberts, & Delcour, 2010). Applications of the complexes
include their effect on the pasting of starch (Blazek & Copeland,
2009; Blazek, Gilbert, & Copeland, 2011; Mira, Eliasson, & Persson,
2005; Raphaelides & Georgiadis, 2008), retrogradation (Keetels, van
Vliet, Jurgens, & Walstra, 1996), and protection of oxygen sensi-
tive molecules (Lalush, Bar, Zakaria, Eichler, & Shimoni, 2005; Lay
Ma, Floros, & Ziegler, 2011; Yang, Gu, & Zhang, 2009). Although
a number of studies have considered the effects of amylose–lipid
complexes on starch gelatinization and gelation, only a few previ-
ous studies have focused on the rheology of materials containing
inclusion complexes. Biliaderis and Tonogai (1991) showed that
lipid complexes increased the strength of concentrated gels of rice

and wheat starch, and inhibited staling. Chien, Lien, and Shoemaker
(1999) also showed that amylose–lauric acid complexes increased
the strength of concentrated rice starch gels, and that the com-
plexes led to an increase in gel strength upon storage. The effect

dx.doi.org/10.1016/j.carbpol.2011.11.070
http://www.sciencedirect.com/science/journal/01448617
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f temperature on the rheology of gels containing starch–lipid
omplexes was studied by Kim, Eliasson, and Larsson (1992) and
liasson and Kim (1995). They observed a sharp decrease in the
torage modulus and increase in the phase angle upon heating.
he transition temperature depended on the type of starch, the
hain length and head group of the lipid, and the salt concen-
ration. These differences were attributed to dissociation of the
mylose–lipid complex. To the best of our knowledge, the only
ther previous studies on the rheology of systems consisting pri-
arily of amylose–lipid complexes were for systems containing

tarch and fatty acids (Raphaelides, 1992a) and amylose and potas-
ium fatty acid salts (Raphaelides, 1992b). The addition of fatty
cids was shown to reduce the viscosity of amylose solutions at
igh shear rates at pH 12, and the rigidity of amylose gels increased
ith the addition of fatty acid salts. Fanta et al. (2010) observed that

he viscosity of a dispersion of jet-cooked high-amylose corn starch
ith sodium palmitate increased and then decreased sharply over
narrow range of pH as it was titrated with hydrochloric acid. The
oal of the current study is to examine in more detail this system
o understand the effects of concentration, pH and temperature on
he rheological properties of the dispersions.

. Materials and methods

.1. Materials

High-amylose corn starch (AmyloGel 03003, containing approx-
mately 70% apparent amylose) was a product of Cargill
Minneapolis, MN). Percent moisture was calculated from weight
oss after drying at 100 ◦C under vacuum. All weights of starch
nd starch–sodium palmitate complexes are given on a dry weight
asis. Sodium palmitate (98.5%) was purchased from Sigma (St.
ouis, MO). Acetic acid (Certified ACS grade) was purchased from
isher Scientific (Waltham, MA).

.2. Preparation of starch–sodium palmitate complexes by steam
et cooking

High-amylose corn starch (150.0 g) was dispersed in 2700 mL of
eionized water, and the slurry was passed through a Penick & Ford

aboratory model steam jet cooker (Penford Corp., Englewood, CO)
perating under excess steam conditions (Klem & Brogley, 1981).
he temperature in the hydroheater was 140 ◦C, the steam back
ressure was 380 kPa (40 psig) and the steam line pressure from the
oiler was 550 kPa (65 psig). The flow rate of the dispersion through
he jet cooker was about 1 L/min. The hot, jet-cooked starch dis-
ersion was collected in a tared Waring blender (Waring Products
ivision, New Hartford, CT) that was previously heated with 100 ◦C
ater from the jet cooker, and the weight of jet-cooked disper-

ion in the container was determined. The jet cooker was flushed
ith excess water to maximize the amount of starch collected. The
eight of hot dispersion in the blender was 3369 g and the percent

tarch solids in the cooked dispersion were determined by freeze
rying a weighed amount of the hot dispersion. From these val-
es, it was determined that 97% of the initial weight of starch was
ollected in the jet-cooked dispersion.

Sodium palmitate (7.88 g) equal to 7.5% of the weight of amylose
n the starch sample (assuming a 70:30 weight ratio of amy-
ose:amylopectin) was dissolved in 300 mL of water at about 95 ◦C,
nd the resulting clear solution was added to the hot starch dis-
ersion immediately after it was collected from the jet cooker. The

esulting dispersion was slowly stirred for about 2 min, and the
ispersion was then transferred to a 4 L beaker and cooled in an

ce-water bath to 25 ◦C. The cooled solution was then centrifuged
or 1 h at 10,000 rpm, relative centrifugal force of approximately
olymers 88 (2012) 91–95

17,000 × g, using a Beckman (Palo Alto, CA) J2-21 ME centrifuge
equipped with a JA-10 rotor. The supernatant was then freeze dried
to yield 146 g of starch–sodium palmitate complex that was stored
for later experiments.

2.3. Preparation of starch–sodium palmitate gels

Dispersions containing 2, 3 or 4 wt% of the freeze-dried
starch–sodium palmitate complex in water were prepared by
adding deionized water to the complex (0.90, 1.35 or 1.80 g, respec-
tively) to give a total weight (complex + water) of 45.0 g. The
mixtures were stirred and heated to 80 ◦C to dissolve the com-
plex. While at 80 ◦C, 0.1 M acetic acid (200–1800 �L) was added
to the solution to adjust the pH. The mixture was then stirred at
80 ◦C for an additional 10–20 min to allow sufficient mixing and to
obtain a homogeneous solution. The solutions were then removed
from the heat and allowed to cool slowly to ambient tempera-
ture. After cooling, the pH was measured (Orion 8235BN electrode
and ThermoOrion 370 meter, Thermo Fisher Scientific, Waltham,
MA). Complete dissolution of the freeze-dried complexes was con-
firmed by the absence of any particulate material when viewed by
bright field or phase contrast optics using a Zeiss Axioskop 50 light
microscope (Carl Zeiss, Inc., Thornwood, NY).

2.4. Rheological property measurements

Measurements in small amplitude oscillatory shear flow were
conducted on an ARES LS1 (TA Instruments, New Castle, DE) con-
trolled strain fluids rheometer. Tests were performed with a 25 or
50 mm diameter parallel plate geometry at strains within the lin-
ear viscoelastic region for all samples. A Peltier plate was used to
maintain the temperature at 25.0 ± 0.1 ◦C or to conduct tempera-
ture ramps at 1 ◦C/min. Sample edges were coated with mineral oil
and humidity covers were used to prevent drying of the samples.

2.5. Differential scanning calorimetry

Thermal properties were determined using a TA instruments
(New Castle, DE) model Q2000 differential scanning calorimeter
(DSC) calibrated against an indium standard (156.6 ◦C, 28.86 J/g).
Data was collected and analyzed with TA Universal Thermal Analy-
sis 2000 V3.9A software. Samples were prepared at 20–25 wt% (dry
weight basis) of sample in Millipore water using high volume stain-
less steel DSC pans. The pans were hermetically sealed and allowed
to equilibrate at least 4 h before analysis. The sealed DSC samples
were run and referenced against an identical stainless steel pan
containing water. The samples were analyzed using modulation
(±0.40 ◦C every 40 s) at a heating rate of 5.0 ◦C/min while heating
from 5 to 140 ◦C.

3. Results and discussion

Excess steam jet cooking is an effective method of rapidly pro-
ducing large quantities of amylose helical inclusion complexes.
Fatty acids can be passed through the jet cooker with the starch to
form the complexes in a single step, but Fanta et al. (2010) showed
that fatty acid salts caused foaming in the jet cooker which inter-
fered with heat transfer to the starch granules, so the fatty acid
salts must be added to the hot, cooked starch dispersion. A sodium
palmitate concentration of 6% based on apparent amylose content
resulted in cloudiness upon standing, suggesting retrogradation
of uncomplexed amylose. However, at the sodium palmitate con-

centration of 7.5% based on apparent amylose used in this study
there was no visual or microscopic evidence of retrogradation and
a low viscosity liquid was obtained. Although Fanta et al. (2010)
studied jet-cooked materials that were not dried, in this work we
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ig. 1. Storage modulus, G′ (solid symbols) and loss modulus, G′′ (open symbols) for
amples with 3% starch–sodium palmitate complexes.

reeze-dried and then reconstituted the starch–sodium palmitate
omplexes. Variations in the amount of starch recovered from the
et cooker and the total volume of recovered sample could affect
oth the starch concentration and the ratio of sodium palmitate to
mylose. All of the starch–sodium palmitate complexes used in this
tudy were therefore prepared in a single jet-cooking experiment
o ensure uniform properties across the range of samples studied.
fter adding the acid to the sample at 80 ◦C, samples were allowed

o stand for at least 2 h to cool to room temperature and form gels.
he reported values were then measured, and subsequent mea-
urements showed that both the pH and rheological properties did
ot change significantly over at least 24 h. The addition of the acetic
cid not only changed the pH, but also resulted in the formation
f sodium acetate in solution as the complexed sodium palmitate
alt was neutralized by the acetic acid. Fanta et al. (2010) showed
hat the addition of sodium chloride influenced the viscosity of
tarch–sodium palmitate complex dispersions, but the low salt con-
entrations present in the current study are not expected to have
significant effect on the rheology. The maximum concentration

f sodium acetate in the current study was 0.004 M, whereas Fanta
t al. (2010) did not observe an increase in the viscosity for sodium
hloride concentrations as high as 0.011 M. The effect on the rheol-
gy would also be less because of the reduced ionization of sodium
cetate compared to sodium chloride.

The linear viscoelastic properties of solutions containing 3 wt%
omplexed starch at different pH values are shown in Fig. 1. Each
ample formed a gel, as indicated by the weak frequency depen-
ence of the moduli, and the fact that the storage modulus (G′) was
igher than the loss modulus (G′′) for all frequencies, although the
trength of the gel as indicated by the ratio G′/G′′ also depended
n pH. Changing the pH over a narrow range led to dramatic
hanges in the gel properties as the interactions between the amy-
ose molecules were altered. At pH > 6.8, the amylose complexes
emained water soluble due to electrostatic repulsion keeping
he polymer in an extended conformation (Karlberg, Piculell, &

uang, 2007), and intermolecular entanglements may exist. As
cid was added, complexed sodium palmitate was partially con-
erted to palmitic acid. The electrostatic repulsion was therefore
ecreased, and junction zones could form between converted
Fig. 2. Storage modulus at 1 rad/s for different starch–sodium palmitate levels as a
function of pH.

complexes or between converted complexes and amylopectin
(Klucinec & Thompson, 1999, 2002). At intermediate pH values,
a balance exists between these forces and very strong gels can
be formed. However, as the pH was further decreased, most of
the complexes contained palmitic acid, which formed insoluble
aggregates, as was found when palmitic acid was used to complex
amylose (Fanta et al., 2008).

Similar results were obtained for dispersions with 2 and 4 wt%
complexed starch, and the results are summarized in Fig. 2. The
value of the storage modulus at a frequency of 1 rad/s is presented
as a characteristic measure of the gel strength for each sample.
Samples containing 2% complexes followed the same trend as sam-
ples with 3% complexes, although increased gel strength was not
observed over as wide a range of pH values, and the peak value of G′

was shifted to lower pH. For samples with 4% complexes, the maxi-
mum value of G′ was only slightly higher than for 3%, although high
G′ values were observed over a much wider range of pH, suggesting
that these samples were sufficiently concentrated for entangle-
ments to affect the gel properties. At low pH, the modulus values
decreased sharply for all samples as the pH was reduced below 6.1.
At this pH, most of the sodium palmitate complexes have been con-
verted to palmitic acid complexes, which then precipitated from
solution and no longer contributed to the modulus value of the gel.

Above pH 6, the gels that formed were thermoreversible. Upon
heating, the storage modulus initially decreased slowly, followed
by a sharp drop, as shown in Fig. 3 for samples with 4% starch
complexes. When cooled, the storage modulus increased, usually
returning to its initial value as for the sample at pH 6.51; however,
in some cases the cooled sample had slightly lower G′ values, as
was the case for the sample at pH 6.87. In all cases, the shape of the
cooling followed that of the heating curve. Eliasson and Kim (1995)
observed similar decreases in the elastic modulus for gels contain-
ing a wide range of amylose–lipid complexes. They attributed the
decrease to dissociation of the amylose inclusion complexes, but
that does not seem to account for our results. A DSC scan of the

freeze-dried starch–sodium palmitate complexes is shown in Fig.
4. A large peak was observed at 98.1 ◦C (�H = 26.5 J/g), and a smaller
peak was at 118.5 ◦C (�H = 0.9 J/g). These values are in good agree-
ment with those reported by Tufvesson, Wahlgren, and Eliasson
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Fig. 3. Storage modulus at 1 rad/s for samples with 4% starch–sodium palmitate
complexes during heating (solid symbols) and cooling (open symbols).
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Fig. 4. DSC scan of freeze-dried starch–sodium palmitate complexes.

2003) for the dissociation of amorphous complexes (form I) and
he melting of crystallized complexes (form II). The onset of the dis-
ociation peak was at 91.4 ◦C, which was still above the temperature
here the modulus values of the gels decreased. The DSC results

lso show that neither the jet cooking procedure nor the freeze-
rying of the complexes resulted in the formation of a significant
raction of crystallized complexes.

Eliasson and Kim (1995) calculated a transition temperature
or the decrease in G′ based on the value of the phase angle, ı,
here tan ı = G′′/G′. They observed a large change in the phase
ngle over a narrow temperature range, with nearly constant val-
es at low and high temperatures. The temperature at the midpoint
f this range was defined as the transition temperature. That
Fig. 5. Transition temperature during heating as a function of pH.

method could not be used for the current study, since no plateau
value for either G′ or ı was reached at high temperatures. Their
samples contained 5% swollen starch granules, which may have
provided a small viscosity component even when the complexes
no longer contributed to the gel strength, whereas the current
samples contained only a small amount of amylopectin in addi-
tion to the complexed amylose. Instead, the transition temperature
was estimated by extrapolating the G′ values at low and high
temperatures, where log G′ vs. T was linear, and calculating the
intersection of the two lines. These results are summarized in Fig.
5. For each concentration, the maximum transition temperature
was 71–72 ◦C, and the pH for the maximum value shifted to higher
pH with increasing concentration. The same complexes were used
for all of the samples, so the range of transition temperatures
is further evidence that the transition is not due to dissocia-
tion of the amylose–sodium palmitate (or amylose–palmitic acid)
complex.

As was seen in Fig. 3, the extent of the decrease in G′ was
not the same for all samples. The storage modulus at 80 ◦C was
between 1% and 35% of the value at 25 ◦C, and the extent of the
decrease depended strongly on pH, as shown in Fig. 6. Although
the results in Fig. 5 are not sufficient to determine precisely the pH
of the maximum transition temperature, the shift in the curves to
higher pH in Fig. 6 with increasing concentration is similar to the
shift of the maximum transition temperature with pH. Although
it is reasonable that samples with higher transition temperatures
may not have their modulus values decrease as much if they are
only heated slightly above their transition, for each concentra-
tion the sample at the lowest pH had a transition temperature
below the maximum, yet still had a relatively higher modulus
value at 80 ◦C. These results suggest that there is a qualitative
change in the type of junction zones formed in the gels with chang-
ing pH. At pH where the complexes remained highly charged,
intermolecular interactions were primarily due to hydrogen bond-
ing, which can be disrupted at elevated temperatures. As the pH
was decreased, reduced electrostatic repulsion and junction zones

between amylose–palmitic acid complexes not only strengthened
the gel as shown above, but also led to more temperature-stable
gels.
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. Conclusions

Aqueous dispersions of high-amylose corn starch were steam
et cooked and blended with aqueous solutions of sodium palmi-
ate to form amylose inclusion complexes. Dispersions of the
tarch–sodium palmitate complexes were prepared at 2, 3 and
wt% to examine their rheological properties. As acetic acid was
dded to lower the pH, the samples formed gels over a narrow pH
ange for 2 and 3% samples, and a broader range for samples with
% complexes. In each case, the maximum of the storage modu-

us was observed at about pH 6.3. Below pH 6.1, the complexes
recipitated out of solution, and the modulus values for all concen-
rations dropped sharply with pH. These results were attributed
o changes in the intermolecular interactions as the charge on the
mylose complexes changed. At high pH, electrostatic repulsion
ept molecules in solution and fully extended, and only the 4%
ample was sufficiently concentrated for entanglements to affect
he rheology significantly. As the pH was reduced, the amount of
lectrostatic repulsion decreased, and junction zones could form
etween molecules, leading to the gel structure. The junction zones
esulted from interactions between complexes in which the sodium
almitate had been converted to palmitic acid. At the lowest pH val-
es, most of the sodium palmitate had been converted to palmitic
cid, so the interactions between complexes became even stronger,
eading to the formation of insoluble particles and a decrease in the
el strength. Upon heating, the modulus values dropped rapidly
t a transition temperature near 70 ◦C, but recovered upon cool-
ng. The transition temperature depended on pH, and was shifted
o higher pH values for higher concentrations. The extent of the
rop of the modulus values depended on pH, due to changes of the
el structure with pH. The modulus values of samples at lower pH
ith interactions primarily due to junction zones between palmitic

cid complexes decreased much less than samples at higher pH

ith interactions primarily due to hydrogen bonding. The gelling
roperties of these materials suggest practical applications as thick-
ners and as dispersants for lipids in foods, lotions and water-based
ubricants.
olymers 88 (2012) 91–95 95
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