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Thermomechanical Behavior of Concentrated Starch-Water Preparations
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The rheological behavior of concentrated starch preparations frorfollowed by a plateau during cooling. To propose an interpretation for the
various origins was studied by dynamic mechanical thermal analysiBMTA results, we measured, by laser-light diffraction, the influence of
(DMTA). Four types of starch were used: wheat, potato, normal, antieating (up to the maximui peak) on the distribution of the granule
waxy corn adjusted to moisture contents in the 42—-49% (w/w) range. Thezes of the different starches. Moreover, differential scanning calorime-
thermal treatments of the starch-water mixtures consisted of heating toy (DSC) was used to measure the temperature range where the melting
85°C and cooling to room temperature, both at a rat€©fmin. During of starches ordered regions occurred. Partial melting enthalpies were
heating, the storage modulugs’) appearance was first characterized by plotted against temperature. The hypothesis of a relationship between

an increase with a maximum a?¥0°C (or potato starch at &3) fol-

swelling and an increase in rigidity during heating seemed to be con-

lowed by a decrease to® During cooling, storage modulus increased firmed by laser-light diffraction, whereas DSC indicated the decrease in
steadily down to room temperature. The magnitude of these variationgidity was caused predominantly by order-disorder transitions. During
depended on the starch type. Despite some differences, all the loss taneling, amylose gelation plays a major role in the rigidity increase, but a

gent curves showed a decrease during heating from 80-{6085°C,

contribution of amylopectin is not excluded.

Starch is one of the most important components responsible for
the texture of baked cereal products. When starch-water prepara-
tions are heated, the changes in starch structure are usualy called
gelatinization. In the narrowest sense, gelatinization is character-
ized by the loss of crystalline order of native starch granules, but
it generally includes granule swelling and polysaccharide (mainly
amylose) leaching (Tester and Morrison 1990). It is now widely
assumed that gelatinized starch preparations, which have not ret-
rograded and have not been exposed to high temperatures, have
rheological properties explained by the tight-packing of swollen
and deformable granules (Evans and Haisman 1979). Another
point of view, mainly based on microscopic observation, is that the
rheological behavior of starch is mainly controlled by the organiza
tion of solubilized and entangled macromolecules leached out of
the granules during gelatinization (Miller et a 1973). This propo-
sition seems to be unsatisfactory for concentrated preparations
(Evans and Lips 1992). Upon heating low concentration starch
preparations much below a volume fraction (@) of 0.7, which is
the maximum volume fraction corresponding to close-packing of
monodispersed spheres like Sephadex beads, the granules swell
but don't occupy completely the available volume. Then, amylose
leaches out of the granules and phase separation between amy-
lopectin and amylose is nearly complete (Keetels 1995). The swol-
len granules, essentially composed of amylopectin, are embedded in
an amylose matrix, which would play an important role in the
rheologica behavior of the composite. However, at high starch
concentrations, the granules are only partialy swollen after heat-
ing, and they occupy amost al the available volume. Further-
more, amylose and amylopectin are only partialy separated, the
swollen granules including consequently both amylose and amy-
lopectin. The two key variables of the rheologica behavior of
concentrated starch preparations during a thermal treatment would
be the volume occupied by the granules (closely related to swel-
ling) and their deformability; the amylose continuous phase plays
only aminor role (Keetels 1995).
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The aim of this study was to examine the relationships between
the modifications of the rheological behavior under low amplitude
sinusoidal strains (storage modulus E” and tand) and some struc-
tural changes of various concentrated starch preparations during a
thermal treatment. Dynamic mechanical thermal analysis (DMTA)
experiments were performed in parallel with an evaluation (by
laser-light diffraction) of the influence of heating on the distribu-
tion of the granules sizes. Moreover, differential scanning calo-
rimetry (DSC) was used to measure the temperature range where
the ordered regions of starch melted. This work should permit a
better understanding of the factors controlling the evolution of the
rheological properties of bread dough during baking; indeed, the
rheological behavior is expected to control the texture of baked
products.

MATERIALSAND METHODS

Samples

Wheat starch was prepared from type 55 wheat flour by wash-
ing out with cold water then lyophilization. Potato starch used was
Vivien Paille potato starch. Corn starches were obtained from
Cerestar-France. The main characteristics of the starches are listed
in Table I.

Preparations were made with starch and distilled water. Mois-
ture contents were adjusted to be close to bread dough water con-
tent, as well as to reach a consistency allowing DMTA tension-
compression experiments. The manual blending was continued
until a homogeneous cohesive mixture was obtained.

Moisture Contents

A few grams of preparations were weighed, placed in an oven at
105°C for 5 hr and then in a dry atmosphere for 1 hr before being
weighed again. Moisture contents are expressed in grams of water
per 100 g of wet sample (%, w/w) in Table I. Measurements were
repeated twice and an average value was calculated.

DMTA
Analyses were made after a 1-hr rest in a covered bowl. The
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formed with a viscoanalyzer (Metravib R.D.S, Limonest, France)
between 40-mm diameter parallel plates. Samples wEdemm

high x 15 mm diameter. They were glued onto the plates with
cyanoacrylate glue (Cyanolit) and coated with a silicone grease
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(Rhéne-Poulenc) to prevent drying. The strain and frequency wem®rn, and waxy corn starches, and t6@3or potato starch. They
set at 5um and 5 Hz respectively, for all determinations. Strainwere then immediately dispersed manually in water before being
sweep tests were performed at different temperatures. They cgmeured in the waterbath of the particle-size analyzer. This appa-
firmed that measurements were run in the linear range of viscoatus allowed a brief sonication before each measurement to
elasticity. Starch samples were heated t8C8%51°C/min), then improve the starch granules dispersion. Analyses were done at
immediately cooled to room temperature °G/in) during the  room temperature. All tests were performed at least in triplicate.
analysis. The highest temperature wa¥3%eyond which starch Particle-size distributions were determined using a particle-size
granules might be damaged (Tester and Morrison 1990). All testmalyzer (Mastersizer S2-01, Malvern Instruments). The determi-
were performed at least in triplicate. nation is based on the analysis of the forward light-scattering by
The VA2000 software package provided by Metravib R.D.Sthe particles. The software package allowed diffraction patterns to
allowed calculation of rheological parameters including storagbe converted into particle-size distributions expressed in
modulus E’) and loss tangent (td). percentage of occupied volume, assuming that starch granules

were spherical particles.
Laser-Light Diffraction

Analyses were made on native and heated starch samplesD&C
estimate the size distribution and the swelling of the granules. To DSC assays were made on a Perkin-Elmer DSC-7 instrument,
have conditions similar to those of DMTA experiments, the samealibrated with azobenzene and indium in the positive temperature
ples used were10 mm high x 15 mm diameter. Heating was per-range. Starch-water preparations (50-80 mg) were weighed and
formed on samples coated with a silicone grease in the viscoanaermetically sealed in stainless steel DSC pans. After a 1-hr rest
lyzer oven at 4C/min. Samples were heated to°C0for wheat, at room temperature, the sample pans were heated from 25 to

TABLE|
Main Characteristics of Starch Samples

Starch Preparation
Starch Type Amylose(%)2  Amylopectin(®%)2 Density(g/lcm3) Initial Moisture Content (%)? Granule Size (umy  Moisture (%)¢ @d

Wheat 25 75 1.49 12.4 2-10/20-35 42 0.53

Potato 20 80 1.48 14.9 15-120 46 0.49
Normal corn 26 74 1.50 12.5 5-25 47 0.47
Waxy corn 1 99 1.50 12.2 5-25 49 0.44

a Percentages currently found in the literature for wheat and potato starch. Percentages given by Cerestar-France fomeynediemstarch.
b Moisture contents are expressed in grams of water per gram of wet sample (%, w/w).
¢ Granule sizes currently found in the literature.

d |nitial volume fractions were calculated gs= 1/1 +d[r — (m/100)], whered is starch density, is water-to-starch mass ratio, ands initial moisture content.
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Fig. 1. Storage modulus changes for concentrated starch preparations (moisture contents expressed on a wet basis) as a function of temperature during a
heating and cooling cycle.
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125°C (135°C for wheat starch) at a scanning rate of 5 oof heating). During coolingg” increased almost linearly (Fig. 1).
10°C/min. An empty pan was used as the reference. All tests wek&hen the sample was held for 5-10 min &5 slightly more
performed at least in triplicate. For each endotherm, the meltingronounced decrease of rigidity was observed, but the slopes remain-
enthalpyAH (J/g of dry sample) and the initial, peak, and endng identical during cooling (results not shown). The loss tangent re-
temperatures were reported. Moreover, the partial meltinghained constant to 80, then dropped until the end of heating. During
enthalpy was calculated from the onset of the endotherm°® 85 cooling, the loss tangent was stable, then increased very slightly from
(per TC step) to plot the curve representing the cumulate®0°C to room temperature (Fig. 2). This behavior was similar to

enthalpy values versus temperature. that described for shear measurements on less concentrated
preparations (Svegmark and Hermansson 1991, Lii et al 1995).
RESULTS Potato starch. E* decreased up to 5@. The rigidity increased
strongly from 54 to 63C, then decreased up to°85 The rigidity
Viscoelastic Behavior of Starch-Water Preparations increase during cooling was less pronounced than for wheat starch
Viscoelastic properties were measured by DMTA in the tensionfFig. 1). The loss tangent curve (Fig. 2) showed an increase with a
compression mode. maximum at 50°C, then a decrease, very pronounced from 65°C

Wheat starch. E* decreased slightly up to 8D. Rigidity in-  to the end of heating. A very slight increase was observed during
creased strongly from 50 to %0, and decreased up to°85(end  cooling.
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Fig. 2. Loss tangent of concentrated starch preparations (moisture contents expressed on a wet basis) as a function of temperature during a heating and
cooling cycle.
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Fig. 3. Volume frequency distributions of native and heated starch preparations granule size. Moisture contents are givenin Table I.
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Normal corn and waxy corn starches. These two types were Normal corn starch. For native starch, Fig. 3 showed monodis-
characterized by a decrease of E* from 25 to 54C, then an increase, persed granules whose diameters varied from 5 tump the
slight for waxy corn starch and more pronounced for normal cormajority being centered atl4-15um.
with a maximum at 6&. Then, the rigidity decreased up t’85 After heating to 68C, the results showed clearly an important
(end of heating). During cooling, the increasécofvas lower for  change of the distribution toward larger diameters, fromrhQo
waxy corn than for normal corn (Fig. 1). The loss tangent curves100um with the majority of granules being centeregZ um.
were quite identical up to 70°C, showing a small peak at this Waxy corn starch. For native starch, Fig. 3 showed monodis-
temperature (Fig. 2). Until the end of heating, the loss tangemgersed granules as described in the literature with diameters var-
decreased, but only very slightly, for waxy corn starch. Duringed from 5 to 5Qum, centered at 14—3&m.
cooling, tand was quite stable despite a slight increase for After heating to 68C, the results showed a slight shift of

normal corn starch. the distribution toward larger diameters (to 30@). In com-
parison with normal corn starch, swelling was clearly less
Size and Swelling Studied by Laser-Light Diffraction important, the majority of granules being centered a8

Wheat starch. For native starch, Figure 3 showed polydispersednly.
granules (two populations), as described in the literature (Galliard
and Bowler 1987; C. C. Maningat and P. A. Seitpublished): Melting of Ordered Regions Studied by DSC
granules of small sizes with diameters varying from 0.5 tpr0 Results are summarized in Table II. All curves are displayed in
(mean value: Jum) and larger granules with diameters >iri Figure 4. Wheat and normal corn showed respectively two endo-
(mean value: 2Qum). The abnormal high values of diameterstherms. The first one was assigned to amylopectin double helices
(>100um) in the particle-size distribution could be explained bydissociation and crystals melting, whereas the second one was
aggregates when wheat starch-water blends were prepared. attributed to amylose-lipid complexes melting. Potato and waxy
Heating to 70C, the temperature at maximum rigidity (Fig. 1), corn starches showed only the first endotherm. The first endo-
induced an increase in the granule size. Most of the granules witherm for all preparations was a biphasic endotherm as it was
very small sizes disappeared; they all reached a diamet@m>2 made up of a main peak and a shoulder.
For the largest granules, the peak maximum was shifted towardPartial melting enthalpy increased until 85°C (Fig. 5). In
=25um. comparison with normal and waxy corn, the melting of wheat
Potato starch. For native starch, Figure 3 showed mono-starch ordered zones began at a lower temperature and the
dispersed granules (one population), whose diameters varied frgmartial melting enthalpy reached at 85°C was lower too. Thus,
10 to >10Qum, the majority being centered-at0 pm. normal and waxy corn ordered zones melted faster. The
After heating to 63C, the temperature at maximum rigidity melting of potato starch ordered zones was faster and much
(Fig. 1), swelling affected mainly the smallest granulés<(60 more pronounced up to 85°C than for all the other starches we
pm) with no significant changes observed in the largest ones.  studied.

TABLE 11
Differential Scanning Calorimetry Data of Starch Samples Gelatinization®—<
Melting Endotherm Amylose-Lipid Complexes Endotherm
Starch Type T; T, Te AH + SD T; Tp Te AH + SD
Wheat 56.7 72.0 112.0 10.46 + 0.54 116.9 130.8 143.8 0.96 + 0.05
Potato 62.1 72.9 98.5 16.19 + 0.56
Normal corn 63.4 79.6 106.0 1040+ 0.21 106.5 119.4 1285 1.03 + 0.06
Waxy corn 64.0 81.7 107.3 14.92 £ 0.12

2 Values are means of at least three determinations.

BT, Tp and T, = initial (when curve deviates from baseline), peak maximum, and end (of endothermic peak) temperatures (°C). AH = gelatinization enthalpy
(J/g of dry matter).
¢ Moisture contents are given in Table I.
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Fig. 4. Differential scanning calorimetry thermograms of concentrated starch preparations. wheat (42% w/w water), potato (46% w/w water), normal corn
(47% wiw water), waxy corn (49% w/w water). Arrows indicate temperature at maximum rigidity.
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DISCUSSION crystalline and molecular order were not experimentally resolv-
able events during gelatinization (i.e., hypotheses invoking melt-

Order-Disorder Transition ing of noncrystalline molecular order before crystalline order loss

To study changes in the ordered arrangement within starch or those invoking loss of crystal register before molecular order
granules during heating, DSC proved to be one of the most effec- loss did not appear to be appropriate). The biphasic profile also
tive methods. Previous studies (Donovan 1979, Biliaderis et &l suggested simply the image of melting and reorganization proc-
1980, Eliasson 1980, Ghiasi et a 1982) have already shown the  esses happening simultaneously during heating (Biliaderis et al
major role played by the water-starch ratio. An endothermic peak 1986, Biliaderis 1992). Other authors proposed that this charac-
was present at =60°C at high moisture contents (>65% w/w), the teristic biphasic endotherm could represent a combination of glass
position of the peak and the enthalpy varied dlightly with the transition, of water-plasticized amorphous regions, followed by
starch type (Stevens and Elton 1971, Wootton and Bamunuarach- nonequilibrium melting, of microcrystallites of the partially crys-
chi 1979, Kugimiya et a 1980, Russel 1987). For lower moisture  talline glassy amylopectin (Slade and Levine 1988, Slade et al
contents, the endotherm decreased and developed a trailing shoul- 1996).
der. This shoulder shifted progressively to higher temperatures
when moisture content decreased, and at very low moisture con- Granule Swelling
tents (<35%, w/w), only the second endotherm is present. In our Granules size evaluations were made at ambient temperature on
case, moisture contents were ranged from 42 to 49%. In the 50—  native and on heated starch preparations. The preparations were
100°C range, we observed indeed two successive, but not sefeeated to a temperature which generated maximal rigidity in
rated endothermic peaks, which we named a biphasic endotherBMTA (Fig. 1).
The presence of a third endothermic peak was observed only forSeveral facts were noteworthy. Up to°@Q the small wheat
starches containing both amylose and lipids; it has been attributetarch granules swelled, whereas the larger ones varied slightly.
to the dissociation of amylose-lipid complexes (Kugimiya et alThis could be explained either by the fact that wheat starch gran-
1980). ules have undergone a two-stage swelling: from 60 t€ 8en

The gelatinization endotherms of the different starches havigom 80 to 88C (Williams and Bowler 1982), or most likely by
been attributed to amylopectin crystals melting (Tester and Morrithe lack of available volume at such concentrations (42% moisture
son 1990). Several explanations have been suggested for the staatent). Indeed, at high concentrations, the larger granules are
change responsible for their biphasic profile. According to Evansearly close-packed, but the smaller ones have more available
and Haisman (1982), the granules could enclose crystalline zoneslume to swell between the large ones. For potato starch, up to
with different stabilities. Thus, the most hydrated crystals woul®3°C, swelling occurred only in the granules with diameters <60
melt first, allowing water uptake by granules. The remaining lesam. For normal corn starch, a marked swelling happened by
hydrated crystals (the most stable ones) would melt at a highbeating the preparation up to°6€8 However, though native waxy
temperature, depending on water availability and therefore ocorn starch and native normal corn starch had similar granule
sample moisture content (Evans and Haisman 1982). The prsizes and similar moisture contents, waxy corn starch granules
dominant role of the distribution of water in the biphasic behaviosurprisingly showed only a limited swelling. It has been shown
was reinforced by other studies (Liu and Lelievre 1992). Accordthat waxy corn starch swells much more than normal corn starch
ing to Tester and Morrison (1990), the crystalline order in the nativen excess of water (Navarro et al 1996). The same observations
granules would be due to “clusters” of double helix made up withvere noted on waxy and normal barley starch, and it was con-
amylopectin adjacent chains. The “clusters” dissociation could beluded that swelling could be a property of amylopectin (Tester
responsible for the first part of the endotherm (the loss of birefrinand Morrison 1990). The results we obtained for normal and waxy
gence examined by optical microscopy would happen at this meorn starches did not agree with that observation. Higher concen-
ment). The second part of the endotherm would be explained Itsations may explain this disagreement, in a way still unknown.
the dissociation and the disappearance of the double helicesFor each starch type, granule swelling means an increase in the
(Tester and Morrison 1990). However, Gidley and Cooke (1991yolume fraction of the dispersed phase (granules), which should
inferred from their results that, for waxy maize starch, loss ofjenerate changes in the rheological behavior.
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Fig. 5. Partial melting enthalpy as a function of temperature for concentrated starch preparations (moisture contents expressed on awet basis).
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M odification of Rheological Behavior During Heating fractions can reach higher values than close-packing volume frac-
The DMTA curves showed a common genera behavior for al tion (Evans and Lips 1992). However, the Young's modulus does
starches studied here. The rigidity increase observed from 50— increase; its evolution is still unclear, though a few studies were
54°C to 63—-70°C could be attributed to the progressive swellingnade (Evans and Lips 1992, Doublier et al 1987, Gluck-Hirsch
of starch granules that begin to fill the sample volume still availand Kokini 1997).
able. The granules can be considered as dispersed fillers with ariThus, a marked swelling of small wheat starch granules and
initial volume fractiong on the order of 0.5 (Table 1) in a continu- normal corn starch would explain the great increase of storage
ous amorphous phase made up of an aqueous solution of amylos@dulus from 50 to 7A€« and from 54 to 6&, respectively. In
As starch concentrations were high, the diffusion of amylose ouhe same way, the swelling of the smallest potato starch granules
of the granules during heating should be limited and, consequentlyould generate the rigidity increase from 54 t6@®3The limited
the continuous phase was limited to a thin layer enveloping thewelling or the high deformability of waxy corn starch granules
granules. Therefore, the properties of the matrix between swollemould be responsible for the low rigidity increase from 54 68
granules are expected to be of less importance for the small dg-ig. 1).
formation properties (Keetels 1995). The rigidity increase should The rigidity decrease up to 85 was assumed to be the conse-
depend mainly on filler (granules) content and size. guence of the increase in the granule deformability. This increase
Below close-packing, the shear modulus appears to be inderas in a temperature range associated with the second part of the
pendent of the particle size and increases with volume fragtion endotherm and was expected to result from double-helix dissocia-
of filler in accordance with an empirical equation of Eilers andtion, according to Tester and Morrison interpretation (1990), or
van Dijk (Ferry 1980): from the melting of the more stable amylopectin crystals, accord-
ing to Evans and Haisman (1982). In both cases, granule deform-
7 ability would depend on the degree of amylopectin cross-linking.
0 According to polymer sciences, the melting temperature is always
125 higher than the glass transition for semicrystalline polymers
1- o0 (Sperling 1986). The Young’s modulus value in the rubbery
O H plateau for cross-linked polymers could be described by the fol-
lowing relation (Sperling 1986, Matsuoka 1992):

Ge
Geo

O
O
:E_|_+
0
]

whereGgy is the modulus of the continuous phase (without filler)

and @, is the maximum volume fraction corresponding to close-

packing. The value for, may be between 0.70 and 0.80 for E = 3pRT/M.

spherical particles (Ferry 1980, Evans and Lips 1992). The same

relation can be stated for Young’s modulgys Theoretical curves

are presented in Figure BJ/Ey versusg is plotted for different  with p being the densityR the universal gas constaiitthe tem-

maximum volume fractiongy,, (0.70, 0.75, and 0.80). Figure 6 perature andl, the molecular weight of polymer segments between

shows clearly that an increase in volume fraction of starch ithe entanglement points. The crystalline regions of the granules

responsible for increased rigidity of the composite, especially nedend to behave like physical cross-links, tying the chains together

close-packing. (Sperling 1986). The melting of crystalline zones means a de-
As swollen starch granules are deformable particles (Evans amtease of entanglement points and consequently a pronounced

Haisman 1979, Evans and Lips 1992, Steeneken 1989), volunmcrease oM., generating a decreasekof
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Fig. 6. Theoretical Young's modulus changes of a noninteracting rigid-paitieledispersion as a function of volume fractipnCurves for three assumed
maximum volume fractionsgg,) are plotted.
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The graph displaying the partia melting enthalpy increases
(Fig. 5) shows that melting of the ordered zones begins at a tem-
perature lower than those at which the storage modulus start to
decrease, and dlightly higher than those at which the storage
modulus begin to increase. This implies that granules swelling
would not only result from the melting of ordered regions (i.e.,
amylopectin crystals) as observed by DSC. It seems likely that the
native amorphous phase could be at the origin of an uptake of
water responsible for the initial swelling, generating the initial

with different moisture contents. Moreover, experiments are being
conducted to study the relationship between swelling and loss of
long range order within starch granules.
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increase in E". Other authors also reported that the initial increase

in storage modulus was caused by the starch granules swelling
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