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Abstract 

Exposure of food material to radiation causes changes in crystalline (damage of crystal structure / 

lattice distortion), and gelatinization (digestive)properties. Potato starch (PS) is one of the important 

globally used food supplement in different forms like chips, curries, cusins etc. During its use the PS 

is exposed to radiations, altering its molecular structure (due to chain cleavages) and bring changes 

in structural and physical properties ; sometimes ill – effects also. In this context the authors attempt 

to investigate the changes induced by gamma, electron beam (EB) radiations on crystalline and 

gelatinization properties of PS irradiated to30, 60, 90 K Gy radiation doses using X-ray diffraction 

(XRD), and DSC methods. The XRD data suggest, shift / change in peak position/ peak intensity of 

peaks caused by the damage of helical crystalline structure and subsequent lattice distortion. Using 

the XRD data the degree of crystallinity and lattice distortion using Williamson – Hall method at 

various radiation doses. The results indicate fall of crystalline content and rise of amorphosity with 

increase of radiation dose. The results suggest the cleavage of double helical structure, the lattice 

distortion is expected to take place. Due to the depletion of crystalline regions, the gelatinization 

temperature (T gel) and gelatinization enthalpy have considerably decreased with increase of 

radiation dose suggesting the increase of digestive properties as per DSC data. The decrease of 

crystalline properties and gelatinization properties is more in gamma radiation when compared to 

gamma radiation. 
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INTRODUCTION 

Starch is one of the important biodegradable 
biopolymer consumed as food supplement all over 
the world [1]. Digestibility of starch is an 
important aspect to use it in food applications and 
it depends on different factors like vegetal source, 
crystalline/ granular structure, degree of 
crystallinity and amylose/ amylopectin ratio etc 
[2]. Among the different types of starches, the 
potato starch occupies prominent role due its use 
as cuisine, fast food etc. Chemical and physical 
properties of starches can be altered by radiation 
treatment [3–5]. Starch is basically constituted by 
linking of glucose units bound together by either 1 
-6 glycosidic bonds forming amylose [AM] 
{backbone of starch} or by 1–4 glycosidic bond 
forming amylopectin [AP] the pendent molecule 
of starch. The inter and intra-molecular bindings 
of AM forms the well-known helical structure to 
starch.  
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Table 1. XRD studies of starches. 

S.No Starch Results Ref 

1 Corn, wheat& Rice Lattice parameters11.90, 17.70& 10.52 Direction cosines 90 [7–9] 

2 Potato, banana& Sago Lattice parameters 18.50, 18.50 & 10.40 Direction cos 90,120  [10–12] 

3 Soyabean, tapioca Lattice parameters 18.50,18.50 &10.47 Dc 90,90,120 [13–14] 

4 Corn starch Crystallinity index(CI) value 45–39  [15] 

5 Rice starch Vietnam CI – 35 [15] 

6 Wheat starch China CI – 36–42 [15] 

7 Potato Starch Russia CI – 36–42 [15] 

8 Tapioka Starch CI 41–29.2 [15] 

9 Potato Starch Peak positions 5.55, 15.16, 17.12, 18.19 & 22.78 [16, 17] 

10 Mech treated PS Degree of crystallinity Xc 23–35 [17] 

11 Potato starch Physic-chemical properties [18] 

 

Table 2. DSC Studies of Starches 

S.No Starch Property studied Ref 

1 Starch General Gelatinization and digestibility [19, 20] 

2 Starch General Gelatinization process [21] 

3 Starch General  Effect of solvent on Gel process [22] 

4 Starch General Gelatinization & Retrogadation [23–24] 

5 Corn& rice Evaluation of thermal properties [25] 

6 Potato starch Effect of solvent on thermal prop [26] 

7 Rice starch thermal properties [27] 

8 Barley starch Thermal properties [28, 29] 

9 Potato starch Gelatinization, retrogadation [18] 

 

Up on irradiation cleavage of both 1–6 (amylose) and 1 -4 (amylopectin) glycosidic bonds is reported 

producing different types of free radicals [3–6 ]. With the cleavage of these two important bonds of 

starch, helical structure, crystal structure and or crystal distortion is expected. Another important 

property of starch is its the gelatinization process in the presence of water and heating and it is 

strongly dependent on crystalline state and or changes in crystalline order which are influenced by 

radiation. In the present study the authors report these aspects using X -ray diffraction XRD and 

differential scanning calorimetry (DSC) techniques. A brief review on XRD studies and DSC studies 

are presented in Table 1and Table 2 respectively. 

 

SCOPE OF THE PRESENT STUDIES 

Crystalline, gelatinization and retrogradation are important properties of starches which influence 

digestive properties of to human beings. These properties inherently accompanied with changes in 

crystalline order and lattice distortion. 

1. As an important food supplement the potato starch is tuned in food processing by different 

methods causing variations in crystalline and gelation properties. 

2. Exposure of PS to radiation with different energies is expected to cause crystalline damage / 

crystal distortion and variations in degree of crystallinity/ crystalline content and amorphous 

content. 

3. Therefore, an attempt has been made to investigate the influence of gamma and electron beam 

radiations on these properties. 

4. The XRD method is used to find changes in crystalline order, degree of crystallinity. 

Additionally the Williamson – Hall method is used to evaluate crystal distortion parameter 

under different conditions. 
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5. Radiation treatment of PS cause disruption of molecular structure and cleavage of molecular 

chains particularly cleavage of 1–6 and or 1–4 glucosidic bonds disruption of amylose and 

amylopectin chains. These changes alter gelatinization and retrogadation properties and the 

DSC is used for this purpose. 

6. A comparison in gamma and EB irradiation induced crystalline and gelatinization properties of 

potato starch is made. 

 

MATERIALS AND METHODS 

Potato starch in the form of powder is purchased from Sigma – Aldrich and used as it is in 

experiments. Gamma irradiation is carried out using Cobalt – 60 source with a dose rate of 15 K Gy / 

hr in air at room temperature. Electron beam irradiations are done 15 K Gy/min. X-ray diffractograms 

are recorded on Philips diffractometer for pellets of sample with K alpha radiation. DSC thermograms 

are recorded for starch solutions on Mettler Calorimeter with a heating rate of 100 C / min. 

 

RESULTS AND DISCUSSION 

XRD studies: Effect of Crystalline Structure 

XRD pattern of PS irradiated with gamma and electron beam to different radiation doses are as 

depicted in Figure 1 & Figure 2. Un irradiated PS showed diffraction peaks at 2 = 15.15, 17.7, 19.8, 

22.1, 24.05 and 26.36; similar to the literature values (15,16,18) indicating its B-type polymorph 

structure. On irradiation variations in peak positions and peak intensities are observed as shown 

Figure 1 & Figure 2. Particularly the decrease in intensity of 2θ = 17 degrees peak is visible when 

compared remaining peaks and decrease in overall intensity of total diffractogram is observed. With 

regard to peak position all the peaks suffered a shift towards low diffraction angle. The variations in 

peak positions and intensities suggest the damage of crystal structure and crystalline content due to 

irradiation of PS [30]. The shift of XRD peaks is expected under the external fluences like mechanical 

treatment [31], radiation treatment (Dose) or incorporation of additives [32] with in vicinity of native 

crystal. Variation in peak position and inter-planar spacing against radiation dose For EB irradiated 

PS are as depicted in Figure 3 and Figure 4 respectively.}Each peak of the diffractogram correspond 

to set of (h,k.l) plane of the PS crystal and due to irradiation the peak shift is expected to the shifting 

of corresponding planes. Using the Bragg equation and Bragg angle into-planar distances are 

calculated as given in Table 2, Table 3.  

 

The data of Tables 2 & 3 and Figures 3 & 4 suggest all the peaks and corresponding interplanar 

distance (except peak 2) shifted to low angles with the increase of radiation dose. But increase in shift 

of peak p1 is more than the remaining peaks i.e peak shift gradually decrease with peak number i.e 

peak shift is not uniform. Similar trends have been observed in case of inter-planar distances of all the 

peaks. This result is expected as hkl planes correspond to peak one are closer to radiation exposure 

than peak six. With regard to gamma irradiated PS similar results are observed but variations are more 

as expected due to the more destructive nature or dose rate effects of gamma and EB radiations. 

 

Table 3. Variation of peak position and inter – planar distance with radiation dose. 

Peak No 

Radiation dose 

Peak position 2θͦ(In brackets d-spacing are given A
ͦ
) 

0 KGy 30 KGy 60 KGy 90 KGy 

1 15.15 (5.8434) 14.9 (5.9408) 14.75 (6.0416) 14.6 (6.0622) 

2 17.7 (5.0068) 17.7 (5.0068) 17.7 (5.0068) 17.7 (5.0068) 

3 19.82 (4.4803) 19.65 (4.5141) 19.5 (4.5485) 19.35 (4.5835) 

4 22.1 (4.01897) 21.8 (4.0736) 21.65 (4.1014) 21.50 (4.1297) 

5 24.05 (3.6973) 23.9 (3.7202) 23.75 (3.7433) 23.60 (3.7688) 

6 26.35 (3.3796) 26.20 (3.3986) 26.05 (3.4178) 25.90 (3.4372) 
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Figure 1. XRD pattern of gamma irradiated PS. 

 

 
Figure 2. XRD pattern of EB irradiated PS. 

 

 
Figure 3. Variation of peak position with radiation dose. 
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Figure 4. Variation of d-value with radiation dose. 

 

Table 4. Percent of Crystallinity Under Different Conditions. 

S.N. Radiation dose (K Gy) % crystallinity 

EB irradiation Gamma irradiation 

1 0 34.26 34.26 

2 30 31.17 30.5 

3 60 30.3 27. 2 

4 90 29.61 26.45 

 

EVALUATION OF PERCENTAGE OF CRYSTALLINITY 

Due irradiation of molecular chain of PS is expected to broke resulting in disorder of crystalline 
structure. Therefore, decrease in relative crystallinity of PS after gamma and electron beam is 
expected. Calculations of relative crystallinity (Xc) [33] suggest that the Xc value decreased (about 
28%) from 34.26% (un irradiated) to 26.45% (90 kGy) for gamma irradiated PS.  

 
In contrast, the Xc value for EB irradiated PS, gradual decrease (about 9 %) in Xc is observed from 

34.26% (un irradiated) to {31.17% (30 kGy), 30.34 % (60 kGy) }29.61% (90 kGy). The value of 
crystallinities under different conditions are listed in Table 4. At molecular level, the B-type (for PS) 
structure has crystalline packing of the helices and water content [34]. In general B-type starches 
reflects the parallel stranded double helices which are loosely associated. 
 

The reduction in relative crystallinity can be associated with the decrease in amylopectin content 
and disorder of the double helices in the internal granular structure associated with destructive nature 
of irradiation.  

 
This study also confirm depolymerization of amylopectin chains and the breakage of double helices 

in starch granules, which lead to decrease in relative crystallinity as observed in case of various type 
of starches [40]. But differences in Xc values represent extent of degradation and dose rate effects 
Caused by types of radiations i.e. gamma degradation and EB degradation [35] 
 

Variation of degree of crystallinity with radiation dose is as shown different curves in Figure 5. 
 

Variation of Crystallinity Index (CI), Degree of Amorphousity (DA) with Radiation Dose 

Irradiation of starch results in cleavage of 1–4 and 1–6 bonds of amylose and amylopectin, which is 
the main event of radiative degradation [36]. The chain cleavages cause disorder of molecular chains 
and induce changes in crystallinity index (CI) and amorphous content / degree of amorphousity (AD) 
[37]. For PS the CI and DA values under different conditions are evaluated as listed in Table 5. The 
variation of CI and DA against radiation dose are shown in Figure 6 and Figure 7. 
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Figure 5. Variation of Xc against radiation dose 

 

 
Figure 6. Variation of degree of crystallinity with radiation dose. 

 

Table 5. CI and DA values under different conditions. 

 Radiation dose in K Gy 

0 30 60 90 

Crystallinity Index (CI) 29.7 27.1 25.2 24.7 

Degree of Amorphousity (DA) 5 8.75 16.54 16.83 

 

The degree of crystallinity(Xc) and d-spacing values of PS are calculated using the method 

described by Brij Lal Karwasra [38] are calculated and listed in Table 3 and Table 4. The increase in 

degree of amorphization related to the gelatinization properties as explained in DSC studies. 

 
ESTIMATION OF LATTICE DISTORTIONAND CRYSTALLITE SIZE using Williamson – 

Hall Method 

Non – irradiated and irradiated PS has shown distinct XRD peaks corresponding to different (h k l) 
planes. On irradiation, the crystalline planes and ultimately the crystal is being distorted due 
irradiation [32] or presence of external agents like Graphene/ CNT [31] together with peak 
broadening. The peak shift / broadening is used to estimate the crystallite size and crystal distortion 
(Willliamson – Hall method) in different materials like polymers and Alloys [39]. 
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Figure 7. Variation of degree of amorphousity with radiation dose. 
 

The peak width of X-ray diffractogram (XRD) represents crystallite size and crystallite size 
distribution represented by Scherrer equation (Equation 1) 

β = D = K λ / βCosθ 1 

Due to various factors, broadening XRD peas is observed. They are 
1. Presence of external agents / impurities / additives like CNTs, graphene impurities etc (32) 
2. External fluences like radiation treatment, mechanical drilling etc [31] 

 
Due to these factors peak broadening occurs. If β(ℇ) if line broadening, it is given by Equation 2 

β(ℇ) =ℇ Tanθ 2 

If β is total linewidth, it is given by Equation 3 

β = β(Scherrer  + β (Distortion ℇ) 

Rearranging the terms (40) 

β Cosθ = K λ / D +ℇSinθ 4 

 
Williamson _ Hall plot is drawn By taking Sinθ on X-axis and βCosθ on Y -axis. From the slope of 

the straight line lattice distortion in crystal and from the y – intercept the crystallite size is evaluated. 
 
The Sinθ and βcosθ theta values for different XRD peaks at different radiation doses are as given 

Table 6. 
 

Using the above data plots are drawn between Sinθ against βCosθ as shown in Fig re 11  peak 1  

Figure 12 (peak 3) Figure 13 Peak 4), Figure 14 (peak 5) and Figure 15 (peak 6). The values of slopes 

(lattice distortion) and intercepts (crystal size) are evaluated (Using Regression analysis) and given in 

Table 6. Variation of lattice distortion and crystallite size against radiation dose are as shown in 

curves a and b Figure 16 respectively. The result suggest that both values decrease with radiation dose 

as expected. 

 

DSC Studies: Gelatinization Behaviour 

Gelation is the important property of all starches. the solid state starch assume semi solid – liquid 

state when heated in the presence of water. 
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EB Radiation 

Gelatinization behaviour of PS is investigated by recording DSC thermograms under different 

conditions. DSC thermogram of un irradiated and irradiated starch are as shown in Figure 8. Un 

irradiated starch has shown endo thermic peak cantered around 71,5 C. The peak corresponds to peak 

gelatinization temperature of starch. On irradiation the peak gradually shifted to low temperatures and 

gelatinization enthalpy considerably decreased with dose of irradiation. The decrease in Tp is due to 

the extensive cleavage of macromolecular chains of starch on irradiation. 

 

Variation of gelatinization temperature (Tp) and enthalpy with radiation dose are as shown in 

Figure 9 and Figure 10. 

 

The gelatinization process begins at the onset temperature (To) and, reaches maximum state at peak 

temperature (Tp)and concludes (Tc). For un irradiated starch these values are as listed in the 

following Table 7. On irradiation the values of To, Tp and Tc are found to decrease as given in Table 7 

and variations are plotted in Figure 8 and Figure 9. For the 90 KGy irradiated PS the gelatinization 

process was not observed. This is assumed to be due to the loss of crystalline and granular structure of 

starch [35], the gelatinization process was not observed. The loss crystalline and granular structure 

due to irradiation was also observed from the XRD studies. 

 

Table 6. Parameters  sed to Calc late Crystallite Size and Lattice Distortion β & θ in the table  

Peak Number 

Radiation dose K Gy 

0 30 60 90 

Sin θ  βcos θ  Sin θ  βcos θ  Sin θ  βcos θ  Sin θ  βcos θ  

P1  0.1318 4.956 0.1305 3.9657 0.1283 2.4792 0.1270 2.2813 

P3  0.1719 2.4647 0.1706 1.4779 0.1693 1.2817 0.1680 1.1829 

P4  0.1916 5.9244 0.1890 2.9458 0.1878 2,2451 0.1865 2.3578 

P5  0.2083 3.9122 0.2070 1.6319 0.2057 1.4678 0.2044 1.0767 

P6  0.2279 1.9473 0.2266 1.0713 1.0713 0.9742 0.2241 0.4872 

 

 
Figure 8. Gelatinization curves of PS at different radiation doses. 

 

Table 7. Thermal properties of PS different radiation doses. 

S.N. Radiation Dose To TP TC ΔH J/g 

1 0 70.8 71.3 72.5 14 

2 30 62.5 65 64 7 

3 60 60.2 61 62 5 

4 90 60 59 60 2 
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Figure 9. Variation of radiation dose with peak temperatures. 

 

 
Figure 10. Variation of gelatinization enthalpy with radiation dose. 

 

   
Figure 11. Variation of βcosθ Vs Sinθ peak1. 
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Figure 12. Variation of βcosθ Vs Sinθ peak4 

 

 
Figure 13. Variation of β cosθ Vs Sinθ peak2. 

 

 
Figure 14. Variation β Cosθ against sinθ peak5. 

 

 
Figure 15. Variation of βCosθ against sinθ Peak 6. 
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Figure 16. Variation of lattice distortion and crystallite size against radiation dose. 

 

Table 8. Slope, intercept values and regression coefficients. 

S.No Radiation Dose 

(K Gy) 

Slope Intercept Residual sum of square 

3.0831 Pearson’s R-square(COD) AdjR-Square 

1 0 7.43795 -22.5634 443 0.6413 -0.6872 0.4723 0.2964 

2 30 7.14868 -23.1421 432 0.9272 -0.9320 0.8686 0.8249 

3 60 5.7704 -20.7173 482 1.0635 -0.8711 0.7588 0.6784 

4 90 3.6508 -11.1626 895     

 

During the process of gelatinization, the intermolecular bonds of starch molecule break down in the 
presence of water under thermal heating. Therefore, hydrogen bonding sites in starch engage more 
water, which act as plasticizer. Three main processes may take place under this condition. They are i) 
granule swelling ii) melting of crystal or double helix iii) leaching of amylose. During this stage, 
water is absorbed in the amorphous regions of starch initially and it begins to swell. Then water enters 
into crystalline or tightly bound double helical regions (amylopectin) from the amorphous regions and 
slowly absorbed in this regions also. 
 
DSC STUDIES OF GAMMA IRRADIATED PS 

Gelatinization curves of gamma irradiated PS (0,30, 60 and 90 K Gy radiation dose) are as shown 
in Figure 17. Non -irradiated PS has exhibited gelatinization behaviour. But gamma irradiated PS has 

not exhibited gelatinization behaviour due to loss of crystalline structure and the sample mostly 
assumed amorphous nature which is accounted for this loss. 

 
Radiation exposure of PS result produce cleavage of molecular chains particularly 1–4 and 1–6 

glucosidic bonds, which are responsible for formation of helical / crystalline structure of Starch [35]. 
 

The fitness of straight line relation are tested by evaluating the values of residual sum of squares, 

Pearson coefficient and other statistical methods as given in Table 8. The values are found to be 
optimum, indicating goodness of the fit. 

 
The present results are similar to the data of decrease in crystallite size and lattice distortion are 

with the increase of radiation dose [32]. This could be attributed to inhabitation effect of radiation to 
grain growth resulting in decrease of crystallite size.  

 
Further the decrease of crystallinity reduce ordering of crystalline phases increases causing a 

reduction in strain value [32] 
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Figure 17. Gelatinization curves of gamma irradiated PS. 

 

CONCLUSION 

XRD & DSC techniques are successfully used to study crystalline and gelatinization behaviour of 

gamma and EB irradiated potato starch. The XRD studies confirm variations in XRD peak positions 

and inter – planar distance due to irradiation. The radiation effects are not same to all (h k l) planes. 

The planes corresponding to low angles have suffered more deviations when compared to high angle 

(h k l) planes. Williamson – Hall plots are drawn to evaluate the values of crystallite size and lattice 

distortion values at different radiation doses. Both the values decreased with the increase of radiation 

dose suggesting the damage PS crystals due to radiation exposure. Gelatinization behaver PS has been 

investigated by DSC analysis. For EB irradiated PS, the gelatinization temperature and enthalpy 

decreased with increase of radiation dose suggesting the damage of crystalline structure accompanied 

with the cleavage of 1 -4 and 1 – 6 glucosidic bonds and helical structures. For gamma irradiated PS 

radiation damage is more as the gelatinization curves were totally smeared out at high doses. 
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