8580 J. Agric. Food Chem. 2005, 53, 85808585 JOURMNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

Physical Aging of Starch, Maltodextrin, and Maltose
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The physical aging of low water content, amorphous starch/water, maltodextrin/water, and maltose/
water mixtures in the glassy state was examined using mechanical testing and calorimetry. Stress
relaxation measurements showed that upon storage of the glassy materials there was a time-
dependent increase in both flexural modulus and mechanical relaxation time. The mechanical
relaxation time increased with depth of quench below the calorimetric glass transition temperature
and with aging time at the quench temperature. Calorimetry of the aged materials showed an overshoot
in heat capacity in the vicinity of the glass transition. The logarithm of the mechanical relaxation time
showed a simple linear relationship with the size of the overshoot expressed as an enthalpy change.
The calorimetric behavior could be modeled using the Tool—Narayanaswamy—Moynihan method.
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INTRODUCTION through Tg. As cooling is continued belowyg, the structural

Starch and its hydrolysates have widespread use as food'€laxation time will continue to increase.
ingredients. The physical stability of the resulting products has ~ The density of most amorphous materials increases with
an important impact on shelf life. For starchy materials of decreasing temperature. Vitrificationgteffectively “locks in”
intermediate water content, containing-26% w/w water, the a liquid structure, and the expected densification on cooling
phase separation and crystallization of starch chains at ambiensubsequently occurs at a rate related to the structural relaxation
temperatures lead to time-dependent changes in material propertime. As a consequence of the slow densification, material
ties. This process involves both amylose and amylopectin and Properties, including compliance, stiffness, and brittlen#3k (
is collectively known as retrogradatiorl)( Low moisture  Slowly evolve with time, with the whole process commonly
systems may also be subject to time-dependent change due tnown as physical aging. The densification can also slow
the phenomenon of physical aging or structural relaxation diffusion of low molecular weight species within the glasg)(
(2—8). The phenomenon occurs in a range of food materials although conversely the embrittlement and potential fracture of
and natural biopolymers systemg, (5, 8). For synthetic  the glassy matrix may also make it more permeable.
materials, this phenomenon has been extensively stugi@@y; The structural relaxation time is in part dependent on

Low moisture amorphous starchy materials and maltodextrins temperature and partly on liquid structure. Liquid structure is
are often glassy at ambient temperaturkk, (2). A glass has characterized on a temperature scale through the notion of a
solidlike characteristics with a liquidlike structure. If a low fictive temperature;, the temperature at which a particular
molecular weight carbohydrate liquid is cooled, its viscosity structure would be fully relaxedlb). Densification affects the
will progressively increase. In the vicinity of the glass transition energetics of interaction between molecules and the access-
temperature, Ty, the viscosity shows a marked temperature ibility of liquid configurations, both of which can be probed in
dependencelyis commonly determined from the sharp change a calorimetric experiment. The calorimetric consequence of the
in heat capacity occurring at the transition, as a result of a changeslow structural relaxation, which occurs on aging in the glass,
from liquidlike to solidlike behavior over the experimental time is observed as a peak in heat capacity precedingr an
scale. For a low molecular weight material, a typical value of overshoot afly on subsequent heating.

the shear viscosity dfg is ~10" Pa s, giving an associated There are various phenomenological approaches for describ-
structural relaxation time o£100 s. For a polymeric material, |ng the observed time_dependent beha\/ior; aW|de|y app“ed one,
the large change in structural relaxation time results in a changewnhich has a potentially useful predictive capability, is the Fool
from rubbery to brittle behavior, as the material is cooled Narayanaswamy—Moynihan (TNM) (9,0, 15, 16) method,
which has been applied to polymeric systems. The dependence
*To whom correspondence should be addressed. Tied4(0)1603 of structural relaxation on timet, can be described by an
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P(t) = exp[—(t/ro)ﬁ] (1) S_Farch an_d were prepar_ed by (i) mixing the raw materials in_t_p a dough,
(i) extruding the dough into a sheet using a pasta extruder, (iii) steaming
the dough to gelatinize the starch, and (iv) drying to a half product.
Fabrication of Bars. Maltose/water mixtures were prepared by
'melting a mixture of maltose monohydrate (50 g) and water (30 g) in

andf (0 < < 1) is a measure of its nonexponentiality.is
a characteristic time, which is dependent on both temperature

T, and, to an extent, liquid structure (characterizedyand a weighed stainless steel beaker on a hotplate, using an infrared lamp

has been successfully obtained using the expression to heat the surface layer. The water content of the sample was reduced
by boiling. The beaker and sample were weighed at regular intervals

7o= A exp[XAh*/RT+ (1 — X)Ah*/RT{] () until the desired water content was obtained. Bars were fabricated in a

mold (50 mm longx 10 mm wide) lined with cellulose acetate (0.5
whereA, x (0 < x < 1), andAh* are constantslg—18). These mm thick). A 1.5 mL amount of molten maltose/water mixture was
relationships can be used to calculate the time dependence ofirawn up into a preheated syringe (8CG) and extruded into the
T; following a temperature step. The cooling and heating of a preheated mold, taking care not to introduce air bubbles. The mold

sample can be considered as a successiam @afch steps in was allowed to cool to room temperature, and the bar was removed
which case and stored in dry silicone oil (Dow Corning 710, Merck). The variation

in water content during batch preparation was monitored by differential

n n scanning calorimetry (DSC), through the determination of the glass
Tf,n =T,+ Z ATJ- {1— eXp[_(Z ATk/QTO,k)ﬁ]} €) tran5|t|on t(_amperatuoréljg (11). Using this method, th_e upper malt_o'_se
= 5 content limit was 96% w/w due to problems_of moldlng and obtaining

bubble-free samples from more viscous, higher solids content melts.

where Q is a heating or cooling rate ant, is a starting Maltodextrin/water bars were prepared in the same way as the maltose/

temperature where relaxation is sufficiently rapid that, in the Water bars. Extruded starch bars (40 mm12 mm x 1 mm)
initial stages of cooling, equilibrium is obtained. During conditioned to 89% w/w solids over a salt solution were heated to 20

annealing, the sample is held at a fixed temperattigefor a °C aboveTy and then pressed between Teflon-coated metal blocks to
aling, np o - P o give flat samples suitable for a three-point bend test.
certain length of time, this is divided into 10 logarithmically \;echanical MeasurementsThe mechanical behavior of rectangular

spaced steps with eq 3 being modified as described bars was examined in a three-point bend test over a span of 25 mm
N using an Instron 1122 material tester with a 250 N load cell. Prior to
2 n 5 testing, a bar was heated in dry silicone oil at a temperaturéCl5
Tin=To+ Z AT {1~ eXp[_(X At fto Tt (4) above itsT, for 10 min to remove the effects of prior thermal history.
= k=g After heating, the bath was cooled on ice and the temperature was
monitored until it reached th&, of the bar (~10 min). The bar was

wheren, + 10 = n > n, and then positioned on the test fixture, immersed in a purpose-built silicone
oil bath, and held at the aging temperatufg, To allow for thermal
Aty = temo k=n,+1 equilibration, the first measurement was performed at an aging time,
ta, of 20 min. The crosshead of the material tester was lowered at a
AL =1 (k—n)/10 t (k—ny—1)/10 k> n.+1 rate of 2 mm min?, and the load cell response was logged by computer
ek e e a

at a rate of 50 Hz until the desired force was reached. For relaxation
studies, the applied strain was kept within the linear limit and was

For a calorimetric experiment; , is then related to a normalized typically 0.1%. The crosshead was stopped, and the load cell response

heat capacityCpn, by was logged for every 0.25% change in signal. The time of deformation
was approximately 2 s, and the duration of each mechanical test was
Cp,n: (Tf,n - Tf,nfl)/(Tn T (5) less than 10% of the total aging tirieMeasurements were performed

at aging times of 20, 40, 80, 160, and 320 min. Between measurements,
These predicted values G}, can then be compared with those  the sample was not moved from the fixture. The stres#n Pa), and
determined calorimetrically. strain,e (dimensionless), were calculated using the following relation-
A potential advantage of the above approach is that once theships
various parameters describing the observed calorimetric behavior

are obtained, it can be used to predict the effects of changing o = 3Fl/2blf (6)
storage time and temperature. In an earlier study, we found the
TNM method useful in modeling the calorimetric behavior of e=6hY/f )

dry amorphous maltosd), and it has also been applied by other
workers in the study of amorphous glucose and fruct@ge (
This approach is potentially of greater practical utility if the
changes in calorimetric behavior are related to the observed
changes in mechanical behavior. This study aims to characterize Er = ole ®)
and compare the structural relaxation behavior of low water
content maltose, maltodextrin, and starch materials, using and was calculated from the slope of stress vs strain.
calorimetry and mechanical testing. The study then examines Differential Scanning Calorimetry (DSC). The T, of samples was
the usefulness of the TNM approach for describing the observeddetermined by calorimetry using a Perkin-Elmer DSC7 fitted with a
time-dependent calorimetric behavior and its relationship to robotic autosampler and an Intra-cooler Il. The instrument was
mechanical properties. calibrated for temperature using the melting temperatures of indium
(156.6°C), dodecane (—9.65C), and octadecane (28.2€) and for
MATERIALS AND METHODS heat flow using the_ heat of fusion of ind_ium (2_8.45 Iy Thg
instrument was calibrated for heat capaci€, using a sapphire
Materials. All chemicals used were of analytical grade. Crystalline standard. Material (510 mg) was cut from the center of the rectangular
maltose monohydrate was obtained from Sigma and had a water contenbars and quickly sealed in aluminum sample pang(50and weighed.
of 5% w/w on a wet weight basis. Maltodextrin (DE 29) was obtained Values of Ty were determined for all samples using data obtained on
as a gift from Roquette. Starch-rich extrudates were obtained as a gift the second scan following heating to remove prior thermal history where
from PepsiCo. The extrudates contained more than 90% w/w potato Ty was defined as the midpoint of the heat capacity increment at the

whereF is the load (in N){, b, andh are the load support span, sample
breadth, and height (all in m), respectively; ariés the deflection at
the load nose (in m). The flexural modulls; (in Pa), is given by
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Figure 1. Stress strain plot for a 96% w/w maltose/water mixture at 30
°C (Ty — T of 12 °C). 5000 b
©
glass transition using Perkin-Elmer software. Samples were scanned £ 4000
over the rangdy + 30 °C at a rate of 10C/min. TheT, values of the v
samples were as follows: 94% w/w maltose/water,’@4 95% w/w = 3000+
maltose/water, 31°C; 96% w/w maltose/water, 42C; 89% w/w B 20 40
; i £ 2000+ 160 1320
maltodextrin/water, 20C; and 89% w/w starch/water, 5C. =
Calorimetric aging studies were performed by heating the sample ; 10004
to 30 °C aboveTy to abolish the effects of prior thermal history, g
guenching to the aging temperatUrg where it was held for a time, 00 P ; 0 00 1000
(0—320 min), and then quenched to 30 belowTy and then scanned ’ Time (s)
to 30 °C aboveTy. Ah* was determined by the dependenceTpbn
cooling rate using Perkin-Elmer software. A sample was cooled from = 1400] c
Ty + 30 °C to Ty — 30 °C at rates ranging from 0.1 to 3@/min o
. . . = 12004
followed by reheating at 10C/min. The enthalpy change on aging, = \
AH, was determined by integration of the overshoot in heat capacity 2 10007
in the vicinity of Ty, through comparison of aged and minimally aged T 800+ 1020
samples, i.e., the aging during cooling and immediate reheating of the E 600-_\ gg 320
sample in the calorimeter. g 400 20
T 2001
RESULTS AND DISCUSSION o
Mechanical Behavior. The glass transition behavior of 01 1 10 100 1000

Ti
carbohydrates shows a strong dependence on water coh®ent ( me )

19), and there is a need for rigorous control of water content in Figure 2. (a) Stress relaxation of a 96% w/w maltose/water mixture aged
mechanical testing. This includes minimizing the uptake of at 30 °C (T, — T of 12 °C) for 20-1320 min. (b) Stress relaxation of an
moisture during sample transfer, which can result in surface 89% w/w maltodextrin/water mixture aged at 8 °C (T; — T of 12 °C) for
plasticization, and was revealed as nonlinearity in stress/strain20-1320 min. (c) Stress relaxation of an 89% wiw starch/water mixture
plots at small deformations. In the present study, water uptakeaged at 32 °C (7, — T of 18 °C) for 20-1020 min.
was controlled by storing the samples in dry silicone oil and
carrying out the mechanical testing under silicone Bigure sets of mechanical behavior, the fittings gawé a 0.997. With
1 shows a stress/strain plot for a 96% w/w maltose/water bar increasing aging timet,, the initial value ofEgelax and 7om
aged for 20 min at 30C. The flexural modulussr, determined ~ increased. The values of the parameferange from 0.49 to
from the slope of the stress/strain plot, was &.00° N m™2, 0.55 for the maltose/water mixture, 0.38 to 0.42 for the
The observed modulus was characteristic of glassy materials.maltodextrin/water mixture, and 0.34 to 0.40 for the starch/water
At the deformation rate used in the three-point bend test, the mixture (Table 1). The dependence ofm on the degree of
determination ofEr was complete within 1 s. To probe the quench belowl for a maltose/water mixture is shownfigure
structural rearrangement within the glass on deformation and 3aas a double logarithmic plotom increases with an increase
the effect of aging on this behavior, the relaxation modulus, in ta and with an increase in depth of quench (expresset, as
Errelax Was determined as a function of time, from 0~4000 — T) belowT,. Over the range of aging times examined, log
s, and as a function of aging timi, The time dependence of  7om Shows an approximately linear dependence ortd¢g >
Errelax Was determined for strains 6f0.001, within the linear ~ 0.95). The dependence abm on ta for a maltose/water,
region of the stress/strain pldEigure 1). The dependence of — maltodextrin/water, and starch/water mixture is showfigure
ErrelaxON time and, for maltose/water, maltodextrin/water, and  3b. The main determinant ab,m and its evolution on aging is
starch/water mixtures is shown Figure 2a—c, respectively. the depth of quench beloily. Starch/water and maltodextrin/
The materials behaved in the same general way. Initial water mixtures showed similar behavior to maltose/water
values of Er were characteristic of glassy solids and in- mixtures at the same degree of quench. The changes in
creased in the order starch maltodextrin < maltose. The mechanical relaxation behavior withare characteristic of the
mechanical relaxation could be fitted to a relaxation function Phenomenon of physical aging through slow structural relaxation
of the same stretched exponential form as the structural (10, 13).

relaxation (eq 1), i.e., Calorimetric Measurements. A comparison of the calori-
metric behavior of minimally aged and aged samples of maltose/
o(t) = exp[—(t/g )] 9) water, maltodextrin/water, and starch/water mixtures is shown

in Figure 4a—c, respectively, where normalized heat capacity,
wheref (0 < g < 1) is a measure of its nonexponentiality and C, n, is plotted as a function of temperature. For all samples, an
7o,m iS @ characteristic mechanical relaxation time. For all data increment inC,, is observed at the calorimetric transition
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Table 1. Fitting Parameters for Mechanical and Calorimetric 251 a
Relaxation Behavior of Aged Maltose/Water, Maltodextrin/Water, and 204
Starch/Water Mixtures? '
aging mechanical calorimetric - e
sample (solid conditions relaxation? relaxation® o* 1.0
content) TCC) t(min) 7om(s) p X B In A 0.5
maltose/water 30 40 607 052 0475 046 -180.0
(96% wiw) 30 80 791 051 0475 043 -180.0 0.0+ T T . T T T T ,
30 160 990 050 0.475 0.40 -180.0 0 10 20 30 40 50 60 70 80
30 320 1290 049 0475 037 -180.0 Temperature (°C)
maltodextrin/water 8 40 621 042 0315 0.27 -191.5
(89% wiw) 8 160 155 038 0315 026 -1915 1.5+
starch/water 32 40 2534 040 037 025 -1735
(89% wiw) 32 160 7755 034 037 024 -1735 10

aThe calorimetric parameter, Ah*, was fixed at 480 kJ mol~2. ® Parameters
determined by fitting normalized relaxation modulus to eq 9. ¢ Calorimetric © 0.5
parameter determined by fitting normalized heat capacity to TNM model (eqs 1-5).
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% Wy, 8" heat capacity, C, ,, of an 89% wiw maltodextrinwater mixture as a function
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< an —) min. (c) Plot of normalized heat capacity, C,, of an 89%
g d 160 (—) min. (c) Plot of lized heat ity, Cy,n, Of an 89%
2 10° » T wiw starch/water mixture aged at 32 °C for O (---) and 160 (—) min.
10 10*
Ageing time (s) S
Figure 3. (a) Effect of aging and degree of quench below T, on mechanical % 4] °
relaxation time for a 96% w/w maltose/water mixture. (b) Dependence of % ° ®
mechanical relaxation time on aging time for a starch/water (T, — T of 18 % 5
°C) (a); maltodextrin/water (Ty — T of 12 °C) (@); and maltose/water o °
mixture with a Ty — T of 12 (M) and 18 (O) °C. g ° A
£ 24 A
S
temperaturdy. While the heat capacity increment is relatively 38 N A
sharp for the maltodextrin and maltose/water mixtures, the % 14 A S
observed transition for the starch sample is broader. On aging, E s = "
an overshoot in heat capacity is observed for all of the materials E o S —
tested. This overshoot is characteristic of physical aging through 10° 10° 10°
structural relaxation and is commonly referred to as enthalpy Ageing time (s)

relaxation §, 15, 17, 20). From comparison of the heat capacities gy 5. Dependence of enthalpy of calorimetric relaxation on aging

of aged and minimally aged samples, it was possible 10 time for maltose/water (@), maltodextriniwater (W), and starchiwater

determine, by integration, an enthalpy changé{, for this mixtures (a).

overshoot. For the materials examinedy increased in the

order starch< maltodextrin < maltose and showed a linear measurement and the observed extent of aging as probed by

increase with the logarithm of the aging timg(Figure 5). calorimetry. The slower the development of the calorimetric
It is useful to consider the relationship between the changeseffect, the slower the mechanical relaxation. One of the

in mechanical and calorimetric behavior. In many polymeric potentially most straightforward correlations to attempt is to

systems, no simple correlation is observed and is attributed torelateAH to a change in mechanical behavior. For the materials

the different physical origins of the two behaviod9(20). In examined, a correlation was found between tggand AH

the present study, there was a relationship between the(Figure 6) with values ofr2 for maltose/water 0.94, maltodex-

magnitude of the structural relaxation probed by mechanical trin/water 0.99, and starch/water 0.96.
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95% wiw maltose/water (Ty — T of 12 °C) (A), 94% wiw maltose/water
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(O), 89% wiw maltodextrin/water (T, — T of 12 °C)

(m), and 89% wiw starch/water mixtures (T; — T of 18 °C) (a).
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Figure 7. (a) Comparison of experimental and calculated normalized heat
capacity, as a function of temperature for a 96% w/w maltose/water mixture
stored at 30 °C (Ty — T of 12 °C) for 160 min. (b) Comparison of experi-
mental and calculated normalized heat capacity, as a function of temper-

ature for an 89%

wiw maltodextrin/water mixture stored at 8 °C (Ty — T

of 12 °C) for 160 min. (c) Comparison of experimental and calculated
normalized heat capacity, as a function of temperature for an 89% wiw
starch/water mixture stored at 32 °C (Ty — T of 18 °C) for 160 min.

A more detailed examination of the calorimetric behavior was
also attempted using the TNM model. Examples of the useful-

Noel et al.

behavior. The values of the various parameters used to describe
the behavior are summarized irable 1. The parameters of
the TNM approach are strongly correlated, which can make the
optimization of the fitting difficult (15). Whemh* is fixed,

the value of InA is tightly constrainedAh* was obtained
independently from the dependence of the caloriméfrion
scanning rate, and then, la was obtained by fitting unaged
data. The nonlinearity parameter, was estimated using the
method of Hutchinson et al2Q), and the paramete?, varied

to obtain fittings shown. Although there is an association
between mechanical and calorimetric relaxation, the parameter,
B, describing the nonexponentiality of the relaxation is different
for the two processes.

In conclusion, the physical aging of glassy, low moisture
content, starch/water, maltodextrin/water, and maltose/water
mixtures is broadly comparable. Physical aging results in an
increase in stiffness of the materials and a shift in the mechanical
relaxation to longer times. In calorimetric experiments, the extent
of physical aging is revealed as an overshoot in heat capacity
in the vicinity of the calorimetric glass transition. For the
materials examined, the time-dependent chang&Hiof the
overshoot can be correlated to the change in mechanical
relaxation time. The observed calorimetric behavior is well-
described by the TNM method, which may be used to give
predictions on the time and temperature dependence of physical
aging. We have demonstrated a coherent approach, which can
be applied to understand and predict physical aging in the
mechanical properties of glassy food materials. This is relevant
to applications such as textural change of glassy food products
and the mechanical stability of glassy encapsulation matrices.
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