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ABSTRACT: Using a synchrotron source, in situ small- and wide-angle X-ray studies of
the gelatinization of 40% potato starch slurries were carried out. By determining how
the crystallinity index changes with temperature, it is possible to follow the destruction
of the crystals. Fitting the (100) peak of the starch structure has shown that the
crystals change only slightly in dimension over the temperature range studied. The
large-scale swelling which occurs during gelatinization is associated with amorphous
regions of the starch granule structure. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci
66: 225–232, 1997

INTRODUCTION have attempted to characterize the point at which
all birefringence is lost for a sample studied under
an optical microscope. This point is termed theWith the increased emphasis on utilizing renew-

able resources, attention is turning to the possibil- birefringence end-point temperature (BEPT).
Whereas the loss of birefringence occurs overity of using natural polymers in place of synthetic

ones. Starch is a very common biopolymer build- quite a large temperature range for the whole
sample (a BEPT range of 56–647C has been mea-ing block, which already finds many applications

outside that of the food industry. However, if it sured for 12% starch [w/w] suspensions of wheat
and potato starches heated at 1.57C/min [Ref. 1]) ,is to succeed as a thermoplastic material, it is

important that its properties are as well under- individual granules are observed to lose birefrin-
gence over a much smaller range, generally lessstood as are those of conventional polymers and

that its processing is optimized. Because it is laid than 17C.2

The loss of birefringence is associated with thedown in plants for energy storage, the mesoscopic
structure within the starch granule is complex loss of long-range order and is therefore also asso-

ciated with the loss of crystallinity. The loss ofand has developed to suit the plant’s own needs.
Our research is directed toward understanding crystallinity can be followed by wide-angle X-ray

scattering (WAXS) studies. Crystallinity loss washow this structure breaks down during heating
in water—the process known as gelatinization— quantitatively correlated with thermal events (as

measured by DSC) in a detailed study by Liu etwhich will be equally important for industrial and
food end uses. al.3 Cooke and Gidley4 used NMR to measure the

double-helix content and observed that crystallineThe starch granule is known to be semicrystal-
and molecular order are lost concurrently duringline, and this gives rise to birefringence when
gelatinization. Further work included measure-viewed between crossed polars. As the starch
ments of birefringence loss,5 and it was demon-granules gelatinize and their structure is dis-
strated that birefringence loss started earlier andrupted, this birefringence is lost. Many studies
concluded earlier than molecular and crystalline
order loss, as also found by Liu et al.3 However,
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some uncertainties creeping into the quantitative dex, based on the method of Wakelin,12 were ob-
tained from the gradient of a least-squares fittedresults.

In this article, in situ studies of changes in the line to a plot of (Iu 0 Ia )2u vs. (Ic 0 Ia )2u , where
Iu , Ia , and Ic are the scattered intensities at aWAXS patterns of potato starch during gelatini-

zation in excess water are presented. These data given value of 2u for the data set and for the amor-
phous and crystalline reference samples, respec-were obtained using a synchrotron source so that

data can be collected in real time during the gela- tively. These reference samples were chosen as
the last (fully gelatinized) and first (ungelati-tinization process and changes in the WAXS pat-

tern can be related to thermal events via con- nized) data points as a function of temperature,
respectively, as described previously.6 Small-comitant DSC studies.6 In addition, small-angle

scattering (SAXS) data were simultaneously col- angle scattering profiles were corrected as de-
scribed previously.7 Information concerning thelected. In our previous work, we devised a model

which allows these SAXS data to be well-fitted. changes occurring in long-range order during ge-
latinization was obtained using the method de-This model invokes the existence of three kinds

of regions within the starch granule—semicrys- scribed in Ref. 13.
Crystallite-size measurement is only possibletalline stacks consisting of alternating crystalline

and amorphous lamellae embedded in amorphous from diffraction peaks that are well separated—
in this case, the (100) reflection. This reflectiongrowth rings7,8—and this approach can be used

to rationalize the SAXS data gathered here. occurs at a scattering angle outside the range cov-
ered by the Inel detector, but careful experimental
procedure permitted the use of the quadrant de-
tector to record simultaneously the SAXS dataEXPERIMENTAL
and the very low angle WAXS data containing the
single peak at around 67 2u. It is usually necessaryPotato starch, supplied as a gift from Dalgety plc,

with a starting moisture content of 14.4% was to correct the observed diffraction peak width for
broadening due to the experimental arrangement.used. Samples were studied as slurries at a water

concentration of 40% (w/w). X-ray experiments However, the point collimated nature of the beam
(0.3 mm vertical height), compared to the pixelwere carried out on station 8.2 at the SRS

(Daresbury). The experimental arrangement was size of the detector (0.4–0.5 mm), meant that the
experimental broadening was negligible anddescribed previously.6,9 Heating was carried out

using a heat-flux DSC. This was a modified Lin- could be ignored. Peak position (in 2u ) , heights
and widths at half-maximum were obtained bykam THM microscope hot stage. The design and

construction of this DSC was described in more fitting a Gaussian function to the curve. This func-
tion took the formdetail in Ref. 10. Starch slurries in water were

sealed in modified Du Pont DSC pans.
The experimental procedure for obtaining si-

y Å m1 / m2 expF0 (x 0 m3)2

m2
4

G (1)multaneous SAXS/WAXS patterns was described
previously,6,11 and the reader is referred to these
articles for full details. The WAXS patterns were

where m1 is the offset; m2 , the peak height; m3 ,detected by an Inel detector, and, simultaneously,
the peak position; and m4 , the peak width. Peakthe SAXS (õÇ 67 2u ) patterns were detected by
fitting was performed using the Kaleidograph pro-a quadrant detector. For most experiments, the
gram on the Macintosh. Crystallite sizes werequadrant detector was positioned 3 m distant
then obtained by applying the Scherrer formula:from the sample. For measurements on the (100)

wide-angle diffraction line, the detector was repo-
sitioned at a distance of 1.4 m from the sample. bhkl Å

0.89l
Dhkl cos u

(2)
For each sample, a measurement of the X-ray
scattering at room temperature was taken first.
Then, the DSC was programmed to heat from where Dhkl is the crystal size perpendicular to the

planes scattering; u, the scattering angle; l, theroom temperature to 1207C at a heating rate of
57C/min. incident wavelength; and bhkl , the full angular

width at half-maximum intensity of the reflection.Data collected on the Inel detector was normal-
ized to the intensity of the direct beam. The region Although DSC data could be obtained simulta-

neously with the SAXS/WAXS data, this cellof interest was chosen to include most of the major
diffraction peaks. Values of the crystallinity in- yields rather noisy data and was used mainly as a
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temperature. Figure 2 shows the result of this
analysis.

Concentrating now only on the (100) peak, us-
ing eq. (1), it is possible to determine how both
the peak position and peak width vary with tem-
perature. From knowledge of the peak position, it
is possible to determine the interhelix separation
within the amylopectin crystallites via the Bragg
equation. Figure 3 shows how this separation in-
creases with temperature. This increase corre-
sponds to only anÇ 0.17 shift in position. Determi-
nation of the peak width allowed the crystallite
size to be determined in the (100) direction, from
eq. (2), and the results are shown in Figure 4.

Figure 1 Wide-angle X-ray scattering profiles for 40% This size corresponds to the lateral dimension of
w/w potato starch in water as a function of temperature the crystallite, tangential to the axis of the lamel-
during gelatinization. lar stack7 and tangential to the axis of the helices

themselves. From these two measurements, it is
possible to determine how the average number of
double helices per crystallite varies with tempera-temperature calibration. More accurate DSC data
ture, by dividing the average crystallite size bywere obtained outside the beam using a Perkin-
the average interhelix spacing. The results areElmer DSC-7 equipped with an Intracooler II.
shown in Figure 5.Small (15–20 mg) samples of the starch slurry

Small-angle X-ray scattering patterns obtainedwere hermetically sealed inside 50 mL aluminum
in situ during gelatinization show, as in all ourpans and heated at 57C/min. From the DSC trace,
previous work,6,7,13,14 a single peak, associatedmeasurements were made of the start (Ts ) , onset
with the regular lamellar spacing within the gran-(T0) , peak (Tp ) , and conclusion (Tc ) tempera-
ule. During gelatinization, this peak becomes lesstures. The start and conclusion temperatures are
pronounced. However, at no time is it observed todefined as the point at which the DSC trace first
shift in position. The intensity of scattering atstarts and finally ceases to deviate from a flat
all angles increases initially, before falling back.base line, respectively. The onset temperature is
Using the model described previously,6,7 we candefined as the point at which a straight line drawn
obtain more detailed information by fitting eachdown the leading edge of the DSC endotherm in-
individual SAXS data set. As in the case of thetersects the base line. The peak temperature is
gelatinization of wheat, of the six parameters indefined as the point of maximum endothermic
the model, only the two-electron density differ-heat flow relative to the base line. Measurements
ences, Dr (the difference in electron density be-of these values are based on the mean of three
tween crystal rc and amorphous lamellae ra ) andruns, with associated uncertainties of less than
Dru (the difference in electron density between17C. The positions of these temperatures are
amorphous lamellae and amorphous backgroundmarked on all subsequent plots.
ru ) , change during gelatinization, with the bulk of
the change occurring over the temperature range
described by the DSC endotherm. The way these
two parameters change over the temperatureRESULTS
range is shown in Figure 6.

Wide-angle X-ray diffraction patterns obtained in
situ during gelatinization are shown in Figure 1. DISCUSSION
For these scattering patterns, we observed a
steady reduction in the scattered intensity for In Figure 1, we observe an initial gradual drop

in the crystallinity index from room temperaturethe crystalline peaks. This occurs in parallel
with a rise in the diffuse background scattering, until the onset of the DSC endotherm. After the

onset temperature, the rate of crystallinity losssuggesting an increase in the amount of amor-
phous material. Using the method of Wakelin,12 increases. At the conclusion temperature for the

DSC endotherm, there still exists some residualthe crystallinity index was determined for each
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Figure 2 Variation in crystallinity index with temperature during gelatinization.

crystallinity. However, by around 907, all crys- had been lost. This observation is not unexpected,
since birefringence requires structural orderingtallinity has been lost, and the crystallinity index

reaches a flat base line, close to zero. This plot over a long range, whereas crystallinity can exist
over a much shorter structural range. Conse-indicates that most (but not all) crystallinity loss

occurs for temperatures within the gelatinization quently, the sample will lose birefringence when
any part of the long-range order is disrupted,endotherm.

The shape of the crystallinity index curve is while crystallinity loss involves the disruption of
smaller groupings of double helices. Our studybroadly consistent with that obtained for maize

starch in an earlier study by Liu et al.3 In both supports these findings. In this study, the de-
crease in the crystallinity index occurred primar-cases, starch gelatinized in excess water lost crys-

tallinity over a wide range of temperatures. In ily between 57 and 907C. For potato starch in ex-
cess water heated at 77C/min, Leszczyñski15 re-the study by Liu et al., the measurements of the

crystallinity index were not made in situ, but on corded birefringence loss in situ from 58–757C.
These results suggest that birefringence measure-preprepared partly gelatinized samples. As a re-

sult, direct correlation with DSC data was not ments, which are widely used to monitor polymer
melting, provide only an approximation of the fi-possible. However, crystallinity index loss was ac-

curately correlated with birefringence loss. It was nal melting point of starch polysaccharides. Fur-
thermore, the observation made on a populationobserved that birefringence loss occurred over a

much narrower range than did crystallinity loss of granules that the temperature range of crys-
tallinity loss is much larger than the temperatureand was completed well before all crystallinity

Figure 3 Changes in average interhelix spacing in (100) direction during gelatinization.
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Figure 4 Changes in average crystallite size during gelatinization.

range of birefringence loss is likely to hold true (ratio of crystalline to amorphous material) would
be reduced in value. This interpretation is sup-for an individual granule. This calls into question

the gelatinization range of 17C measured by the ported by the observation that the peak height of
the (100) peak does not start to fall until the onsetbirefringence loss for a single granule.2 This ob-

servation, and the resulting conclusion that indi- of the DSC endotherm, indicating that the crystal-
line regions themselves are unchanged. Thereaf-vidual granules gelatinize highly cooperatively, is

a central premise of the Evans and Haisman gela- ter, the fall in peak height mirrors the crystallin-
ity index decrease.tinization model.16

It should also be noted that there is some reduc- As shown in Figure 3, the average interhelix
spacing in the (100) direction is observed to in-tion in the value of the crystallinity index from

room temperature up to the onset point of the crease slightly during gelatinization. Most of this
increase occurs within the temperature rangeDSC endotherm. As argued before, this suggests

that the initial drop in crystallinity index is due spanned by the DSC endotherm. This increase in
average interhelix spacing must be associatedto changes within the amorphous as opposed to

the crystalline regions of the granule.6 The initial with a slight swelling of the crystallites tangential
to the axis of the helices. However, the total swell-drop in the value of the crystallinity index would

be consistent with an initial swelling of the amor- ing is only very slight, corresponding to an expan-
sion of only 0.3 Å, or 2% relative to the initialphous regions of the granule. As these regions

swell and increase in size, the crystallinity index interhelical spacing. For other spacings within

Figure 5 Change in average number of double helices per crystallite during gelatini-
zation.
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Figure 6 (a) Variation in Drwith temperature. (b) Variation in Dru with temperature.

the structure, it is not possible to measure exactly size. However, they would seem to be broadly con-
sistent with one another.the changes in spacing taking place during gelati-

nization since all the other reflections overlap, Figure 4 details the variation in average crys-
preventing peak fitting of the kind used here. tallite size during gelatinization. Initially, as the
However, qualitative estimates suggest that nei- temperature is increased, the average crystallite
ther the interhelical spacings nor the helical pitch size remains constant. However, in parallel with
change significantly during gelatinization. This the crystallinity loss, after the peak of the DSC
observation suggests that the helices swell only endotherm, we observe an increase in the average
very slightly in any direction during gelatiniza- crystallite size. It is possible that this increase is
tion. a consequence of the slight swelling of the crystal-

lites. Figure 5 details the change in the averageThe crystallite dimension in the (100) direction
for potato starch was measured at 13.6 { 0.2 nm number of double helices per crystallite as a func-

tion of temperature. If the increase in crystalliteat room temperature. This value represents the
mean and standard deviation of three indepen- size was solely due to the tangential swelling of

the crystallites, then the average number of dou-dent measurements. This value of 13.6 nm should
be compared with the value of 14.7 nm obtained in ble helices would remain constant during gelatini-

zation. For temperatures below the peak of thean earlier WAXS study by Hizukuri and Nikuni.17

Since this earlier study did not provide a value DSC endotherm, the average number of double
helices per crystallite remains constant, at aroundfor the error on this measurement, it is difficult

to compare the two measurements of crystallite a value of 9. However, after the peak temperature
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of the DSC endotherm, the average number of be due to a reduction in the value of ra . This may
be the result of an increase in mobility of thedouble helices per crystallite increases rapidly,

with a final value of 16 at a temperature of 787C amorphous branching chains within the amor-
phous lamellae, facilitating a small expansion of[corresponding to the last measurable (100)

peak]. This significant change in the average this region tangential to the lamellar stack axis.
Shortly after the onset temperature, and just be-number of double helices per crystallite precludes

the suggestion that the increase in average crys- fore the peak temperature of the DSC endotherm,
the value of Dr starts to fall. As the double helicestallite size is solely due to a tangential swelling

of the crystallites. dissociate, the electron density of the crystalline
lamellae (rc ) also drops.It is unlikely that the increase in the average

number of helices per crystallite is due to an ag- Further evidence to suggest an expansion of
the amorphous growth ring is seen in the changegregation of double helices during gelatinization.

Instead, this change must be due to a change in in Dru during gelatinization. Dru is the difference
in electron density between the amorphous back-the distribution of sizes of the crystallite. If the

smaller crystallites are disrupted first during ge- ground (density ru ) and the amorphous lamellae
(density ra ) , i.e., Dru Å ru 0 ra . Figure 6(b) indi-latinization, then the average number of helices

per crystallite must increase. So, we conclude that cates that, starting around the start temperature
of the DSC endotherm, the value Dru drops rap-smaller crystallites (containing few double heli-

ces) are less stable and suffer a disruption of their idly and becomes increasingly negative up to a
temperature of around 707C. We have alreadycrystalline packing at lower temperatures than

do larger crystallites (containing a large number concluded that ra does not increase in value; con-
sequently, the change in Dru must be attributedof double helices). That small crystals are least

stable is well known for other polymeric sys- to a fall in the value of ru . A rapid drop in the
value of ru is consistent with the absorption oftems.18

With regard to the SAXS data, only the electron water into and the resultant expansion of the
background region. This expansion would lead todensities within the model were found to vary dur-

ing gelatinization. All other structural parame- a radial swelling of the granule. From 707C up-
ward, the value of Dru slowly becomes less nega-ters remained fixed at their pregelatinization val-

ues. It is significant that the average repeat dis- tive. Either the value of ra is falling or that of ru is
increasing. The former effect could be associatedtance between crystalline lamellae remains

invariant. This invariance indicates that the with the disruption of the amorphous lamellae,
with associated water uptake into this region. Thesemicrystalline lamellar stack, representing the

semicrystalline growth ring, does not itself ex- latter effect could indicate the penetration of poly-
saccharide chains liberated from the semicrystal-pand radially during gelatinization. Since the

granule itself is known to exhibit quite pro- line growth ring into the amorphous growth ring.
Since the density of this material is likely to benounced radial expansion, we may conclude that

this expansion is taking place solely within the greater than that of the material within the amor-
phous growth ring, ru would increase. It is diffi-amorphous background material, representing

the amorphous growth ring. The lack of radial cult to be specific about structural changes taking
place at these high temperatures, since by thisswelling observed for the semicrystalline growth

ring is not entirely surprising, since any radial point, much of the original internal structure of
the granule has been disrupted.expansion would involve breaking many of the B

chains in the amylopectin molecule and is there- The order of these events is for the initial rise
in Dr and the drop in Dru to occur first, aroundfore unlikely. This conclusion is consistent with

the observation that the helical pitch does not the start temperature of the DSC endotherm.
After the onset temperature, and before the peakchange significantly during gelatinization. If the

crystalline lamellae within the semicrystalline temperature of the DSC endotherm, the value of
Dr starts to drop. This change continues to tem-growth ring were expanding radially, we might

expect to detect an increase in helical pitch. peratures in excess of the conclusion temperature
of the DSC endotherm. However, the big drop inSince the wide-angle data provide no evidence

of any improvement in crystallite perfection tak- Dru is observed prior to the peak temperature of
the DSC endotherm. Before the conclusion tem-ing place during gelatinization, the electron den-

sity of the crystalline lamellae is unlikely to in- perature of the DSC endotherm, Dru has started
to rise in value. The order of these events suggestscrease. Consequently, the initial rise in Dr

(where Dr Å rc 0 ra ) seen in Figure 6(a) must that the rapid water uptake and associated radial
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