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ABSTRACT 

The order-disorder transition that occurs on heating an aqueous suspension of starch granules has 

been investigated using differential scanning calorimetry (dsc.), X-ray crystallinity, and birefringence 

methods. Starches from wheat, corn, rice, and waxy maize starches were used for the study. Measurements 

on dilute suspensions (2wt.% starch), showed that decreases in crystallinity occur both before the bire- 

fringence of granules starts to disappear and after all birefringence is lost. At such concentrations the 

ordered domains in single granules melt over a temperature span of about IO‘, indicating that the 

orderdisorder transition is not a highly cooperative process. The crystallinity values of more-concentrated 

suspensions ( - 50wt.% starch), suggest that a melting process accounts for the two main peaks evident in the 

corresponding d.s.c. traces. The X-ray data do not support the concept that the specific heat change in the 

d.s.c. traces is attributable to a glass transition in the initial stages of gelatinization. Firstly. the X-ray 

measurements do not show that a significant endothermic transition occurs without a corresponding change 

in crystallinity. Secondly, the X-ray data suggest that the volume expansion functions measured by other 

investigators using thermomechanical analysis are attributable to the increase in the quantity of amorphous 

starch polymer with temperature rather than to a glass transition followed by a melt. 

INTRODUCTION 

When an aqueous suspension of starch granules is heated sufficiently, the granules 
undergo an order-disorder transition known as gelatinization. In recent years, the 
mechanism of this transition has been studied extensively’.‘. Despite such research, 
many features of gelatinization are incompletely understood at the molecular level. 

Starch granules consist of about 90wt.% polysaccharide and about lOwt.% 
water, together with traces of lipid and protein. The polysaccharide component is 
typically comprised of about 75wt.% amylopectin and 25wt.% amylose, although these 
percentages may vary considerably. Amylose is a predominantly linear (1-+4)-a-D- 
glucan, whereas in amylopectin side chains are grafted to the linear polymer by single 
a-( 1’6) linkages at intervals of about 20 monomer units. Amylopectin appears to have 

a racemose structure3. Both amylose and amylopectin are heterogeneous polymers 
possessing a range of molar masses and degrees of branching. 

The precise way in which starch polymers are arranged within granules is un- 
certain. Although amylopectin is highly branched, the polymer is the predominant 
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Some of the apparent contradictions in the X-ray data may arise because only qual- 

itative measurements have been made. The present paper describes quantitative X-ray 

crystallinity measurements of the order-disorder transition in starch together with 

corresponding birefringence and d.s.c. investigations. 

MATERIALS AND METHODS 

Starch was isolated from wheat, rice, and corn by subjecting a wet-milled sample 

to repeated sieving and centrifugation”. The resultant starch slurry was freeze-dried 

under standardized conditions to a lOwt.% moisture content2’. As large and small 

granules in the bimodal wheat-starch size-distribution gelatinize at different temper- 

atures, and have different crystallinities and d.s.c. endotherm?, a sample of the large 

particles was obtained by sedimentation24 and used for further study. A limited number 

of measurements were also made on a commercial sample of waxy maize starch. 

Aqueous suspensions (2 g), containing 2, 30,50, or 60wt.% starch, were prepared 

in glass vials. The heat treatment was applied to the 2wt.% samples by placing the vials 

directly into a water bath at the designated temperature. The more-concentrated 

suspensions were first heated at a rate of 1” min ~’ to the required temperature to 

promote the more even distribution of water through the sample. All suspensions were 

held at the final treatment temperature for 60 min, cooled by immersion in an ice-water 

bath and freeze dried to lOwt.% moisture. 

Birefringence was measured on diluted samples” obtained after the heat treat- 

ment but before freeze drying. Individual granules were examined by microscope. Some 

particles were observed that had partially lost birefringence, and these were considered 

to be non-birefringent when calculating the fraction of granules in the sample that 

displayed birefringence. As granules lose birefringence” over a range of 1 or 2”, the 

method of accounting for any partial birefringence has only a minor effect on the 

birefringent fraction versus temperature function. A population of > 500 granules was 

studied to characterize the 2wt.% suspensions. With the more-concentrated suspen- 

sions, no attempt was made to establish the exact percentage of birefringent particles. 

X-Ray measurements were made using the crystallinity index procedure as 

described previously”. This method compares the crystallinity of an unknown sample 

with that of crystalline and amorphous reference?. The intensity of the X-ray diffrac- 

tion is measured at equal increments over the range of diffraction angles that includes 

most, if not all, of the crystalline peaks. The intensity data are then normalized so that 

the area under the curve of intensity versus diffraction angle is the same for all samples. 

This yields normalized values of the intensities I,, Z, and Z,,, corresponding to the 

crystalline, amorphous, and unknown samples respectively, at each of the diffraction 

angle positions, i. A graph of (I, - Z,), versus (I, - I,), is then plotted for each value of i 

and the slope multiplied by 100 is the crystallinity index. To make starch crystallinity- 

index measurements, control samples of starch, which had been suspended in water 

(2wt.% polysaccharide) without heat treatment and freeze dried, were used as crystal- 

line references. The amorphous references were the 2wt.% samples that had been heated 



for 60 min at 95’. ‘The amorphous references have smooth cur\‘c\. with no cr!siallirte 

peaks, indicating that recrystallization did not occur betwecn thermal Ireatment of the 

samples and freeze-drying. The X-ray itttensitie5 were rccc~rdcti ~‘rotn I.1 to 76 26) at 

intervals of 0.350 using <‘UK> radiation. an Ni filter. ;I ~trltagc <)f42 kV and ;t currc‘nt of 

30 171A. 

The typical results tn Fig. I show that, in the initial stages of gclatinizatton of 

?wt.(?;, starch suspensions, the decrease in crystallinity is larger than the c.c>rrespnnding 

loss in birefringencc. For cuatnplc, when -r 5O4, oft tie granules ha\ 2 lo\t bir~~t’rittg.cttc~. 

the crystallinity is reducal 11) _ 20%. Figure 1 ah indicates that reductic_inS in 

crystallinity occur at temperatures below the point at uhich :;r:tniticS tirjt 10~~ hire- 

fringence. When suspensions were kept at 5 below this point j;)r nl<-Irc thaa the ~~vntlard 

time of I h. crjstallinity increnscc wcrc rccordetl while the 1,trci‘ringcnc.c‘ appc’atai ICI 

remainconstant. Forexarnpie.in th~~caseofcortt~~at-ch. thccr>st:rliinit! value increases 

to 112% after a treatment time of I90 II. Rice and wheLri starches G~VC a zitnilar trend 

According to the definition> used 111 the thermal ch:tlacteri/atiott ofzyttthctic polymeric 

materials . this is not strictly an ;!nne:tling process in which crqs~tl in;lprc~\~ctnen~ occurs 

below the tnetting tetnperaturc. but is rather ;t t-ecr\staliiza~i~~ii pt-~cs~ \~hich entail> 

melting folloti.ed by reneucri crystalti~ativn. Such r~crystaliiatton pr~ecscs have hccn 

found in starch by other investigators”--” .“. Howe\,cr the phcn(~ttlctton Es tnorc notice- 

able at higher temperatures. perhap because at loucr tcmpcratures rhc presence of the 

greater number ofcrystallite:; rends to constrain the a.tttorphous rcgtons ii7tc~C~)lif;)rtli~{- 

tions that are incompatihic u ith crystal formatiott”. 

I-igure 1 also shows Ittat decreases in crystallintty occur after all granules ha\‘c lost 

birefringcnce. Clearly birefringcnce measurements. which are Lvidefy used to tnottitot 

polymer nielting2”. prolidc 40inly art approximation of the final melting point of’~t;ircti 

potysaccharides. Birefringenct’ and crystallinity reflect ditfi”rent structural ;rttributt:s in 

starch”‘. The fact that starch is hirefringent itnplies there is ;I htgh &~:grce of molecular 

order within the granule’,‘“. Partial tnclting of crystallites appeurc. 10 occur without 

disrupting this orientation suffcicntty tocause birefringencc tcr disappear. Thcdecreasc 

in crystallittity that takes place aftcr all birefringcttcc is lost may retlect the disordering 

of small-scale structurcc that. arc not aligned with rcspecl 10 (.~~ti’ .incrther or I(.* the 

geometry ofthe granule”. 
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and crystallinity 0 of a 2wt.% corn starch suspension as a function of 

suggests that, in the presence of sufficient diluent, individual 

granules lose birefringence, and so gelatinize, over a narrow temperature-range” of 1 or 

2”. For this reason, the transition, within any given starch particle, has been considered 

to be a highly cooperative process in which all the crystallites melt at about the same 

temperature”. The data in Fig. 1 suggest that, for a population of granules, the 

temperature range over which crystallinity losses occur is about 10” broader than the 

range over which birefringence disappears. Accordingly the melting range for a single 

granule may be more like 10”. Nevertheless, polymer theory’suggests the melting would 

be cooperative in that in a semi-crystalline polymer, amorphous regions are maintained 

by crystallites which function as cross-links. These cross-links hold the amorphous 

regions in a metastable strained state. With a strained state there is a higher melting 

temperature. On partial melting, the strain relaxes and the melting temperature of the 

remaining crystallites is decreased. Thus the crystallites melt over a narrower range than 

occurs when no strain is present’. In addition, with a reduction in the number of 

crosslinks, a flux of diluent into the amorphous zones takes place, which would be 

expected to depress the melting temperature further”. 



The typical data in Fig. 2 indicate that. when starch suspensions art‘ more 

concentrated, substantial amounts ofcrystallinity remain even \vhen the temperature 

reaches OS Control experiments with waxy maize confirmed that the values of the 

residual crystalIinity were not an artifact caused by the presence 01‘ lipid ~unqlose 

complexes. After heating ai 95 for 1 h. the wax) maiLc crystallinitie:, Lvt’rc found 10 be 

?I. I I . and 8% for the 60. 50. and 3Owt. ‘SO suspensions respectivcl!.. In further contrc>l 

experiments. the possibility that crystallization processes Lverc responsible for the 

residual crystallinitb was explored, Such crystallization might he expected since the 

kinetics are not necessarily, un!^avourable ” and since there arc fe\v constraints on fhc 

polymer in the amorphous zones as substantial regions of granules are disorderctl”. ,.2 

iOwt.?/~ suspension of rice starch was heated at 95 for periods of 10. 20. 30. -10, 50 and 

60 min Thecrystallinitc values ;ifter this rhermal treatment wcrc found ((1 hc 2-I. 26. 20. 

21. 26 and 2 1’6. respectivcl), Thus recrystallization cannt,t he dclcctsd anti dots no? 

account fhr the residual crystallinity at 05 shown in Fig. 2. One explanation for the 

residual crystallinity may be that due to non-equilibrium conditions. unaa moisture 

levels in the sample cause incomplete melring to occur“. This explanation is \upportcd 
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by the fact that some birefringent granules were observed in the concentrated suspen- 
sions heat-treated at 95”. 

The relationship between loss of crystallinity and temperature for the 50% and 
60% suspensions suggests that a two-step process is occurring. There appears to be an 
initial decline in crystallinity, followed by an inflection leading to an intermediate 
plateau section, followed by a region of rapid crystallinity loss. The shape of the relative 
amorphous content (i.e. 100 - %crystallinity) versus temperature function is similar to 
that reported for volume expansion curves obtained by thermomechanical analysis”,“. 

The initial volume expansion in the latter traces has been attributed to a glass transition, 
the plateau to a partial melting and structural perfecting region, and the final abrupt 
increase to a melt”. As an increase in amorphous material equates with a volume 
expansion3*, the X-ray data presented here suggest that the initial change in thermome- 
chanical analysis traces may reflect a melt rather than a glass transition. 

Another thermal analysis technique with which crystallinity measurements may 

be compared is d.s.c. However the small size of the d.s.c. samples precludes their use for 
X-ray measurements” and a direct comparison is not possible. In the absence of diluent, 
the loss of crystallinity may be considered to be equivalent to an enthalpy change’. In the 
presence of diluent, the enthalpy chringe reflects the net effect of an endothermic melt, 
together with an exothermic heat of hydration of the disordered polymer’. Any change 

in heat capacity will also be apparent in the d.s.c. trace. If, in the first instance, the 
assumption is made that a given decrease in crystallinity gives rise to a constant enthalpy 
change, then the crystallinity versus temperature relationships may be converted into a 
form that is comparable with d.s.c. output. Since d.s.c. measures dH/df, where His the 
heat, the first derivative of the X-ray crystallinity curves is taken. 

The 30wt.% starch suspensions give a single peak in the derivative trace; see the 
typical data in Fig. 3. Given the different thermal treatments received by the samples, the 
range over which the order-disorder transition occurs in the X-ray experiments would 
be expectedI to shift to about 8” lower than found in the corresp0ndingd.s.c. runs. Thus 

there is broad agreement between the derivative X-ray traces and the d.s.c. outputs for 

30 40 50 60 70 80 90 100 
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Fig. 3. D.s.c. trace (a) for a 30wt.% corn starch suspension and (h) the corresponding trace calculated from 
X-ray crystallinity data. 



Financial support from the National Sciencecand Engineering Rehwrch Council 

of Canada is gratefully acknowledged. 

RLFCRFN(‘I:S 



STARCH GELATINIZATION 87 

5 D. French, in R. L. Whistler, J. N. BeMiller, and E. F. Paschal1 (Eds.), Starch Chemistry and Technology, 
Academic Press, Orlando, 1984. 

6 P. T. Callaghan, J. Lelievre, and J. A. Lewis, Carbohyllr. Rex, 162 (1987) 3340. 
7 B. Wunderlich, in E. A. Turic (Ed.), Thermal Charucterization of Polymeric Materials, Academic Press, 

Orlando, 1981. 

8 J. Lelievre. Polymer, 7 (1976) 854858. 

9 J. W. Donovan, Biopolymers, 18 (1979) 263-275. 
IO C. G. Biliaderis, C. M. Page, T. J. Maurice, and B. 0. Juliano, 1. Agric. Food Chem., 34 (1986) 614. 
I I L. Slade and H. Levine, in S. S. Stwala, V. Crescenzi, and I. C. M. Dea, (Eds.), Recent Deoefopments in 

Industrial Polysaccharides, Gordon and Breach Science, New York, 1987. 
12 T. J. Maurice, L. Slade, R. R. Sirett, and C. M. Page, in D. Simatos and J. L. Muhon (Eds.), Properties of 

Water in Foods, Martinus Nijhoff Publishers, Dordrecht, 1985. 

13 D. A. Yost and R. C. Hoseney, Sttirke, 38 (1986) 289292. 

14 T. Shiotsubo and K. Takahashi, Agric. Biol. Chem., 48 (1984) 9917. 

15 T. Shiotsubo and K. Takahashi, Carbohydr. Res., 158 (1986) l-6. 
16 G. Hoyle and R. D. L. Marsh, Personal Communication to J. M. V. Blanshardquoted in Reference 2 ofthe 

present paper. 
17 I. D. Evans and D. R. Haisman, Stiirke, 34 (1982) 224231. 

18 11. F. Zobel, S. N. Young, and L. A. Rolla, Cereal Chem., 65 (1988) 443~446. 
19 D. J. Burt and P. L. Russel, Stiirke, 35 (1983) 354-360. 
20 F. Nakazawa, S. Nogochi, J. Takahashi, and M. Takada, Agric. Biol. Chem., 48 (1984) 264772653. 
21 P. Meredith, H. N. Dengate, and W. R. Morrison, Stiirke, 30 (1978) 119~125. 
22 M. Ahmed and J. Lelievre, Stiirke, 30 (1978) 78-79. 

23 J. Lelievre, Stiirke, 27 (1975) 2~ 3. 
24 P. Decker and H. Holler, J. Chromatogr., 7 (1962) 392-399. 
25 J. Lelievre, Stiirke, 26 (1974) 85-88. 
26 J. H. Wakelin, H. S. Virgin, and E. Crystal, J. Appl. Phys., 30 (1959) 16541662. 
27 B. M. Gough and J. N. Pybus, Sttirke, 23 (1971) 21&212. 
28 H. F. Zobel, Sttirke, 40 (1988) l-3. 
29 G. C. Alfonso and T. P. Russel, Macromolecules, 19 (1986) 1143- 1152. 
30 W. Banks and C. T. Greenwood, Starch and Its Components, Edinburgh University Press, Edinburgh, 

1975. 

31 J. W. Donovan and C. J. Marples. Stiirke, 32 (1980) 19&193. 
32 A. D. Jenkins, Polymer Science, North-Holland Publishing Company, Amsterdam, 1972. 


