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ABSTRACT 
 
Starch is applied in food products as a thickener, gelling agent and fat replacer. 

The modification of native starch using a naturally derived chemical like stearic 

acid could bring about improved starch properties, for example reduced 

retrogradation and stronger gels, without the risk associated with the use of 

synthetic chemicals.  Tef is considered to be underutilized and under-researched. 

This project investigated the microstructure of tef and maize starch pastes as 

affected by stearic acid addition using light microscopy, scanning electron 

microscopy (SEM) and X-ray diffraction. The thermal properties of tef and maize 

starches were also investigated with Differential Scanning Calorimetry (DSC).  

 

Starch suspensions (10% w/v) containing stearic acid (0.25% and 1.50%) were 

subjected pasting with an extended holding period of 2 or 4 hours at 91 °C in a 

Rapid Visco Analyser (RVA). As expected, a large second viscosity peak was 

observed for both tef and maize starches modified with stearic acid. This second 

pasting peak increased in size with increased concentration of stearic acid. No 

second viscosity peak was observed with tef control and only a small second 

peak was observed with maize control. This suggests that the formation of 

amylose-stearic acid complexes was responsible for the second peak formation. 

Additionally, tef starch modified with 0.25% stearic acid did not reach a first peak 

viscosity and increased in viscosity throughout holding, while for 1.50% stearic 

acid there was decreased peak viscosity and increased time to peak viscosity.   

 

At predetermined points during pasting of tef and maize starches (controls and 

modified with stearic acid), starch paste samples were taken and immediately 

plunge frozen in liquid nitrogen (-180°C). The freshly thawed samples were 

analysed using light microscopy.  For SEM, X-ray diffraction and DSC analysis, 

frozen samples were freeze dried.   Light microcopy and SEM showed that both 

tef and maize starch pastes contained large proportions of intact granules up to 

second peak formation. This was suggested to be due to the interaction of stearic 

acid with the starch granules. A few crystalline structures (1-10µm) were 

 
 
 



observed for maize starch modified with 1.50% stearic acid and sampled at the 

second peak. However, there was not sufficient microscopical evidence 

suggesting the presence of micron sized crystalline amylose-stearic acid 

complexes.  X-Ray diffraction supported the presence of amylose-stearic acid 

complexes because of the formation of 0.44 nm, 0.68 nm and 1.2 nm peaks 

These were observed for both tef and maize starch pastes sampled at the first 

viscosity peak, the second viscosity peak and at the end of pasting.  The size of 

the X-ray diffraction peaks, however, was largest for tef and maize starch 

(modified with 1.50% stearic acid) pastes sampled at the second pasting peak. 

DSC showed endothermic changes in heat flow for tef and maize starches 

modified with 1.50% stearic acid and sampled at the end of pasting at 

temperatures of 99 – 120 °C, which corresponds to the melting transitions of 

amylose-lipid complexes.  

 

Both the X-ray Diffraction and DSC data support the hypothesis that amylose-

stearic acid complexes have a role to play in the second pasting peak formation 

of tef and maize starches.  While microscopy has not provided evidence for the 

existence of such complexes, their presence possibly as nano structures cannot 

be disregarded and should be investigated in future by use of more sensitive 

techniques such as Atomic Force Microscopy (AFM) and Small Angle X-ray 

Scattering (SAXS).  

 

The effects of stearic acid on the microstructures and thermal properties of tef 

and maize starch pastes are attributed to the formation of amylose-stearic acid 

complexes. These fatty acid modified starches may be useful as fat replacers 

due to their high viscosities and low tendency to retrograde.  
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CHAPTER 1 

 INTRODUCTION 

 
Starch is a natural biopolymer that plays both important nutritional and functional 

roles in food. In terms of functionality, starch can be used in food for its 

thickening, stabilizing and gelling abilities, but the use of native starch in 

manufactured food products is limited. Low thermal resistance, high tendency 

towards retrogradation and rubbery weak-bodied gels are some of the limitations 

of native starch for food use (reviewed by Singh et al., 2007; BeMiller, 2003). 

Starch is modified in order to overcome these limitations. Starch can be 

chemically and physically modified to improve its properties such as thickening, 

binding, stability, mouthfeel, gelling, dispersion or cloud formation (Singh et al., 

2007). However, the modifications with synthetically derived chemicals have 

certain limitations as consumers prefer the use of naturally derived chemicals. 

Organizations, for example the United States Food and Drug Administration 

(FDA) sets limits for chemicals used for modified starches (Wurzburg, 2006). 

Residues of the chemicals used for production of modified starches may not only 

pose possible health risks but also lead to unacceptable sensory properties. 

Thus, the use of natural food chemicals, such as fatty acids, to improve starch 

properties can be advantageous as they also form part of food. 

 

Fatty acids have been used to alter starch functionality. Kaur & Singh (2000), 

Godet et al. (1995) and Zhou et al. (2007) found that the functional properties of 

maize and rice starches were altered with fatty acid modification. The starches 

showed decreased peak and breakdown viscosity as well as reduced 

retrogradation, during pasting. Nelles et al. (2000), Bajner (2002) & D’ Silva 

(2009) found a second increase in viscosity during extended pasting of maize  

and tef starches complexed with stearic acid. Nelles et al. (2000) suggested that 

the second peak viscosity increase in maize starch can be attributed to the 

formation of starch-lipid inclusion complexes. The effect of fatty acids on starch 

properties have mainly been focused on maize, rice and wheat. Research on tef 
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starch have only been reported by D’ Silva (2009). Moreover, there is no 

concrete evidence that the second viscosity increase during extended pasting of 

starches is due to amylose-lipid complexes.  

 

Tef [Eragrostis tef (Zucc.) Trotter] is a tropical cereal that is, not exclusively, but 

significantly cultivated in Ethiopia (National Research Council, 1996). It is also 

grown for food in countries such as India, Malawi and Kenya (National Research 

Council, 1996). It is mainly used as forage crop in South-Africa. Tef is considered 

to be underutilized, like in the case of sorghum and millet (Taylor et al., 2006), 

under researched and considered a lost crop of Africa. Tef starch shows reduced 

peak and setback viscosities as well as increased resistance to breakdown, 

when compared to maize starch (Bultosa, 2003). These unique properties of tef 

starch may be further exploited by using stearic acid as a natural alternative in 

altering it functional properties. This may not only increase its application, but 

also further develop the potential of the products formed. 
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CHAPTER 2  

LITERATURE REVIEW 

 
This review focuses on research of the interaction between starch and lipids 

resulting in the formation of amylose-lipid complexes and their possible role in 

the formation of the second viscosity peak during starch pasting. 

 
2.1 Starch: Composition and structure 
 

Starch is a biomaterial made up of two different polysaccharide fractions, 

amylose and amylopectin biopolymers (Zobel et al., 1988a). Starch is found in 

plants as semi-crystalline structures in granules of which the size (1-100 µm) 

(Gunaratne & Corke, 2004), shape and composition differ according to the 

botanical source (Jackson, 2003). Starch acts as a major carbohydrate reserve. 

Grain tef, a tropical cereal, has a carbohydrate content of approximately 73% 

(Bultosa, Hall & Taylor, 2002) of which starch makes up the largest proportion. 

The average starch content of maize is approximately 71% (Watson, 1984). 

 
2.1.1 Starch granule 

 

“Granules are the basic physical structural unit of starch” (Gunaratne & Corke, 

2004). In cereals starch granules are located mostly in the endosperm (Jackson, 

2003). In order to identify the size and features of starch granules, several 

microscopic techniques, such as light microscopy and electron microscopy, have 

been used (Jackson, 2003). Undamaged native starch granules, viewed under 

polarized light, exhibit birefringence (Maltese crosses) which confirms a high 

degree of molecular order (Kent & Evers, 1994). 

 

Tef granules (2-6 µm in diameter) are polygonal and smaller than maize starch 

granules (5–30 µm in diameter) (Figure 2.1) (Bultosa, 2003). Granules of tef have 

compound structures comprised of individual granules (Figure 2.2) similar to that 

of rice and amaranthus (Bultosa et al., 2004). Scanning electron micrographs 
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1994). B chains are branched and connected to other chains (reviewed by Oates, 

1997) and the chains to which the A chains are attached (Parker & Ring, 2001). 

The C chain carries the only reducing group of the molecule (Parker & Ring, 

2001). Figure 2.4(b) shows the A and B chains of the amylopectin molecule. 

Alpha – (1-6) -glycosidic 
bond

Alpha – (1-4) -glycosidic 
bond

Alpha – (1-6) -glycosidic 
bond

Alpha – (1-4) -glycosidic 
bond

a

Alpha – (1-6) -glycosidic 
bond

Alpha – (1-4) -glycosidic 
bond

Alpha – (1-6) -glycosidic 
bond

Alpha – (1-4) -glycosidic 
bond

a

 

     

b

C-chain

b

C-chain

 

Figure 2.4 (a) Part of the branched chain of the amylopectin molecule; (b) 

amylopectin molecule showing the A & B chains (Oates, 1997) 
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2.1.3 Starch granule organization 

 

A great deal of research has been conducted on the starch granule structure and 

one of the probable models developed is the “cluster” or “blocklet” model (Ohtani 

et al., 2000). Figure 2.5 (a-d) illustrates the theory of the “Blocklet” model. Atomic 

force microscopy (AFM) images of the starch granule showed the presence of 

nodules termed as blocklets (Figure 2.5c) (Gallant et al., 1997). It is proposed 

that the assembly of two or three layers of blocklets form the alternating semi-

crystalline and amorphous growth rings (Figure 2.5b) (Gallant et al., 1997). 

Blocklets contain several amorphous and crystalline lamellae (Figure 2.5d). The 

lamellae consist of double helical amylopectin side chain clusters. Figure 2.6 

shows the amylopectin side chain clusters within lamellae. The intertwining of the 

amylopectin chains form double helices (reviewed by Oates, 1997). The 

crystalline clusters alternate with more amorphous lamellae that are made up of 

the amylopectin branching regions (Gallant et al., 1997) and contains free 

amylose and amylose complexed with lipids (Gunaratne & Corke, 2004). 

 

2.1.4 Starch granule crystallinity 

 

The starch granule crystallinity is between 15% and 45% (Zobel, 1988). 

Amylopectin is mainly responsible for the crystalline order of the starch granule 

(reviewed by Hermansson & Svegmark, 1996; Gallant et al., 1997). In order to 

detect the presence and type of crystallinity in native starch granules, X-ray 

diffraction analysis has been useful. Native starch is categorized into three types, 

namely A, B and C according to its X-ray diffraction patterns (Zobel, 1988; Kent & 

Evers, 1994). In starch crystalline structure, the A-type structure is more compact 

and consists of six bundles of double helical starch molecules packed radially 

and a seventh bundle of double helices filling the central space The B-type is a 

more open and hydrated structure (reviewed by Parker & Ring, 2001) and 

consists of six bundles of double helices packed in a hexagonal manner, with the 

granule centre part filled with water molecules. 
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a

b

c

d

a

b

c

d

Figure 2.5 Overview of the starch granule structure; (a) whole starch granule 

with alternating crystalline and amorphous regions; (b) assembly of blocklets to 

form layers; (c) one blocklet is shown; (d) to contain several amorphous and 

crystalline lamellae (Gallant et al., 1997) 

 

The C-type is found in tubers and grain legumes and may be a mixture of both 

the A and B form. A fourth V-type crystalline form is typically shown when the 

amylose fraction form complexes with molecules such as alcohols, fatty acids 

and iodine (Zobel, 1988b).  Most cereal starches have the A-type crystallinity 

(Zobel, 1988b) indicating that they contain densely packed crystallites (Gallant et 

al., 1997). The crystalline level is said to be influenced by the length of the 

amylopectin A chain, the amount of double helices organized in a crystalline 

array, crystallite size and amylose content (Bultosa & Taylor, 2003). Bultosa et al. 

(2003) reported that the level of crystallinity of tef starch was lower than that of 

maize starch and therefore similar to sorghum and rice starch. The use of an X-
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Ray diffractometer to analyze starch crystallinity produces diffractograms as 

shown in Figure 2.7. 

 

 

Figure 2.6 Amylopectin side chain clusters within lamellae. A, amorphous 

lamellae and C, crystalline lamellae (Gallant et al., 1997) 
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Figure 2.7 X-Ray diffractograms for different starches (Zobel, 1988b) 
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2.2 Starch granule gelatinization, pasting and retrogradation 

Native starch granules are insoluble in cold water (Thomas & Atwell, 1999). 

Gelatinization, pasting and retrogradation are three phenomena that occur during 

the heating of starch (above 60°C) in the presence of water (Thomas & Atwell, 

1999; Lui, 2005). Changes in the starch granules involve swelling of the granules 

and exudation of the molecular components, especially amylose. This irreversible 

swelling and disruption of starch granules results in the development of viscosity. 

The thermal behaviour of starch granules can be evaluated using various 

instruments, one being a Rapid Visco Analyser (RVA) (Thomas & Atwell, 1999). 

The RVA is an instrument that measures change in viscosity over time while 

stirring and heat is applied. The viscosity measurement of starch slurry using the 

RVA will produce a pasting curve.  Figure 2.8 shows the pasting curves of 

different tef varieties and a maize variety. 

The phases of starch pasting can be identified from looking at the pasting curves 

of tef and maize starch (Figure 2.8).  Heating of starch in the presence of water 

to a characteristic temperature range, results in irreversible granular swelling and 

viscosity development, due to the uptake of water into the starch granules 

(reviewed by Parker & Ring, 2001). These changes are accompanied by 

crystallite melting (Kent & Evers, 1994) and starch solubilization (Thomas & 

Atwell, 1999; Gunaratne et al., 2004). This transformation, during which the 

starch granule loses molecular order and birefringence, is termed gelatinization 

(reviewed by Bultosa, 2003; Kent & Evers, 1994). Every starch granule does not 

gelatinize at exactly the same temperature (Thomas & Atwell, 1999). According 

to Bultosa et al. (2002) the gelatinization temperature range for tef starch, 68°C 

(onset), 74°C (peak) and 80°C (conclusion),  measured using a hot stage 

polarized light microscope system is similar to that of maize starch, 65°C (onset), 

73°C (peak) and 80°C (conclusion). 
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Figure 2.8 Pasting curves of different tef varieties and a maize variety (Bultosa, 

2003) 

 

As heating continues, starch granules continue to swell until a maximum viscosity 

is reached (peak viscosity). This phase that follows gelatinization is known as 

pasting (Thomas & Atwell, 1999). During pasting there is a disruption of the 

starch granules and the starch molecules that leach into the solution are 

solubilised (Gunaratne & Corke, 2004). Gelatinized starch granules that are not 

solubilised form part of the discontinuous starch paste and are referred to as 

‘ghost’ granules (Whistler & BeMiller, 1997). Continued stirring of the starch 

paste causes a decrease in viscosity. This is primarily because the solubilised 

polymers align themselves in the direction of stirring (Whistler & BeMiller, 1997) 

as well as further granular breakdown (Jackson, 2003). 

 

A second viscosity increase after breakdown, known as setback, is observed 

upon cooling of the starch paste (reviewed by Kent & Evers, 1994). This is the 

result of the reassociation of starch molecules in order to re-establish ordered 

structure and is referred to as retrogradation (Thomas & Atwell, 1999). Upon 

 
 
 



 13

cooling, entangled amylose molecules trap water in their three-dimensional gel 

network, leading to the formation of crystallites that cause the paste to increase 

in viscosity (Kent & Evers, 1994). Linear, unbranched amylose molecules are 

more likely to reassociate and form hydrogen bonds (Thomas & Atwell, 1999) 

due to less steric hindrance during reassociation. Therefore initial retrogradation 

is largely due to the crystallization of amylose (Zobel et al., 1988a). Amylopectin 

retrogrades slower possibly because of its larger and branched structure 

(reviewed by Parker & Ring, 2001). 

 

Retrogradation, among others, is regarded as a limitation of native starch for 

certain food application, for example the staling of bread (Karim et al., 2000). 

Starch is therefore modified in order to overcome this drawback. 

 

2.3 Modification of Starch 

 

Starch modification has been proven successful in improving its functionality and 

greatly increasing its usefulness (Aggarwal & Dollimore, 1998). Starch 

modification involves altering its physical and chemical characteristics thereby 

improving functions such as thickening, binding, stability, mouthfeel, gelling, 

dispersion or cloud formation (Singh et al., 2007). Starch can be modified 

physically and chemically. 

 

Physical modification involves the use of a physical processing technique to 

overcome the limitations of native starch (Thomas & Atwell, 1999). The major 

reason for the physical modification of starch is to bring about a change in the 

granule structure of the starch or to convert the starch into cold-water soluble 

starch or small crystallite starch. There are various methods used for the physical 

modification of starch, depending on the desired altered starch properties. Table 

2.1 summarizes some methods used for physical starch modification.  Chemical 

modification is achieved by the use of chemicals and is regarded a mainstream 

of modified starch and many types of chemical modifications have been 
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2.4.1 Effects of fatty acids on starch pasting behaviour 

 

The addition of fatty acids to starch impacts on starch pasting behaviour. The 

addition of stearic acid (C18:0) and linoleic acid (C18:2) to rice starch was found 

to alter its pasting properties, with saturated stearic acid having a more 

pronounced effect (Zhou et al., 2007). Changes included decreased peak and 

breakdown viscosity and increased time to peak viscosity and final viscosity, 

measured using the Rapid Visco Analyser (set to a pasting profile of 15 min at a 

constant stirring rate of 160 rpm). Raphaelides & Geogiardis (2006) found that 

myristic, palmitic and stearic acid in maize starch dispersions, heated in a 

rheometer to up to 95°C (2.1°C/min with constant stirring 40 to 60 rpm) retarded 

granular swelling (measured with a laser particle size analyzer) thereby slowing 

down gelatinization, reducing peak viscosity and increasing the time to peak 

viscosity. Similar trends were found for maize starch by Singh et al. (2002). 

Bajner (2002) also found the addition of stearic acid to maize starch reduced 

peak viscosity and increased time to peak viscosity. 

 

In an investigation by D’Silva (2009), stearic acid was added to tef and maize 

starches in different concentrations (0.25%, 0.5%, 1%, 1.5%, 2%, 3% and 4%) 

followed by pasting in the RVA. The trend for maize starch results was similar to 

results observed by Raphaelides & Georgiadis (2006) (for maize starch) and 

Tang & Copeland (2007) (for wheat starch), showing reduced peak viscosity and 

increased time to peak viscosity with addition of stearic acid (D’Silva, 2009).  Tef 

starch results proved unusual in that no first peak viscosity was reached within 

the first 15 min, when stearic acid concentration was increased. Tef starch 

pastes with added stearic acid increased in viscosity during the holding period 

until temperatures were reduced. Increased stearic acid concentration increased 

final viscosity for tef starch.  It was suggested by Richardson et al. (2003) that 

monoglycerides form a layer around granules, thereby increasing their 

hydrophobicity. This would result in the granules taking up less water and 

thereby reduce granule swelling, giving a reduced peak viscosity.  The findings of 
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D’Silva (2009) further supported what Richardson et al. (2003) suggested.  

D’Silva (2009) observed stearic acid on the surface of tef starch granules (using 

confocal laser scanning microscopy) and not inside the granules as was the case 

with maize starch. She attributed the unexpected pasting behaviour of tef starch 

to the observation that the stearic acid could not diffuse into the granules as it did 

not have any pores on the surface (Bultosa et al., 2002). 

 

Richardson et al. (2003) investigated the effect of a mixture of poly glycerol-ester 

and a monoglyceride (PGE/MG) on wheat starch suspensions. They added 

PGE/MG in concentrations 0.5% and 4% and the suspensions were held at 

various temperatures. The control samples showed amylose leaching at 70°C 

and fragmentation of the granules at 90°C while the addition of PGE/MG almost 

completely restricted starch swelling above 50°C and amylose leaching was 

delayed until about 90°C. Some granules were still intact at 90°C, but above 

90°C complete granule rupture occurred. 

 

D’Silva (2009) subjected stearic acid modified tef and maize starches to an 

extended pasting profile and observed the development of a second pasting 

peak during the holding period (2 hours at 91°C).  The development of a second 

pasting peak was also observed by Nelles et al. (2000) (Figure 2.9) and Bajner 

(2002) when native maize starch was subjected to an extended pasting profile 

(with a total time of approximately 110 min at 91°C) in the RVA. This second 

viscosity peak has been attributed to the formation of starch-lipid complexes 

(Nelles et al., 2000). This is because the second viscosity peak was not observed 

when the lipid fraction of the starch was removed but re-appeared when the fat 

removed was added back (Nelles et al., 2000). The second peak was found to 

increase with the addition of fatty acids (Bajner, 2002; D’Silva, 2009). 

 

To further explore the theory of the role of amylose-lipid complexes in the 

formation of the second peak, Nelles et al., (2003) used scanning electron 

microscopy (SEM) to investigate samples of starch pastes containing lipids, 
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taken at various intervals throughout extended pasting. They observed that after 

the first peak, starch granules were swollen and still intact with some leaching 

(Figure 2.10a & b).  After the second peak, the granule integrity was lost and 

there was only a homogenous mass present (Figure 2.10d).  HPLC analysis 

showed there to be a decrease in the amylose content of the starch pastes 

during the second peak maximum and the breakdown of the second peak, 

compared to higher solubilised amylose during the other periods of pasting 

(Nelles et al., 2003).  They suggested that this decrease in solubilised 

carbohydrates as well as the intact granules up to the second peak development 

was due to amylose interacting with lipids to form amylose-lipid complexes 

(Nelles et al., 2003).  Although this evidence further confirms the collective roles 

of amylose and lipids in the development of the second peak and the possible 

effect of lipids on starch microstructure, it does not prove that the second peak is 

a result of the formation of amylose-lipid inclusion complexes, since no crystalline 

complexes were observed by these authors. 

 

 

Figure 2.9 Pasting curves of different native maize starches (BDH, maizena, 

SAARChem and 3401C) showing the second increase in viscosity (Nelles et al., 

2000) 
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a b

c d

a b

c d
 

Figure 2.10 Scanning electron micrographs of maize starch pasted for a - 10 min 

× 500 ; b – 22.5 min × 500; c – 34 min × 2500 & d -  95 min × 500 (Nelles et al., 

2003) 

 

Amylose-lipid complexes, prepared by jet cooking, were isolated and investigated 

using microscopy analysis, X-ray diffraction and differential scanning calorimetry 

(DSC), in the following studies. Although these investigations were conducted on 

maize and potato starches and using steam jet cooking for the preparation of the 

amylose-lipid complexes, similar effects could possibly be found for tef and 

maize starches modified with stearic acid during extended pasting to produce a 

second viscosity peak. 

 

Fanta et al. (2002) and Peterson et al. (2005) found that upon cooling of steam-

jet cooked starch solutions helical inclusion complexes of amylose with native 

starch granular lipids, particularly fatty acids (Byars et al., 2003), crystallized to 

form spherocrystals. Spherocrystals were not formed from waxy cornstarch, 

defatted normal maize starch or potato starch (Fanta et al., 2002).  They 

therefore concluded these spherocrystals to be amylose-lipid complexes. The 

method of formation of these spherocrystals was termed to be “high temperature 
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In order to determine if a spherocrystal with a single size and morphology could 

be produced, native fatty acid were replaced with pure stearic acid (18:0). The 

result were 80% large and 20% small crystals (Fanta et al., 2006) indicating 

higher molecular weight fatty acids are found more abundantly in large crystals 

(Peterson et al., 2005). Figure 2.12 shows micrographs of the large and small 

crystals formed with the addition of stearic acid to maize starch. 

 

 

Figure 2.11 Micrographs of spherocrystals formed from normal cornstarch; 

phase contrast micrograph of large particle crystals (A) and (B) small particle 

crystals;  (C) & (D) same as above but viewed with polarized light;  SEM of large 

particles crystals (E) and small particle crystals (F) (Fanta et al., 2002) 
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Figure 2.12 Micrographs of spherocrystals formed with stearic acid and defatted 

cornstarch; (A & C) Phase contrast images, (B & D) SEM images, (A & B) large 

crystals, (C & D) small crystals (Fanta et al., 2006) 

 

Formation of the spherocrystals is affected by various factors such as cooling 

rate, starch concentration and starch type (Fanta et al., 2005). Spherocrystal 

formation and isolation favoured slow cooling rate as rapid cooling inhibited 

formation and a strong gel formed (Byars et al., 2003). High starch 

concentrations lead to phase separation of amylose and amylopectin, making 

amylose more available for complexing and resulting in increased amounts of 

larger crystals (Fanta et al., 2005). Crystalline particles were formed from 

dispersions of normal maize starch, high amylomaize starch, corn starch and 

wheat starch but not from dispersions of waxy maize starch, defatted maize 

starch and potato starch (Fanta et al., 2002). As spherocrystals are reported to 

be crystallized helical inclusion complexes formed form amylose and lipids, the 

absence of amylose in waxy maize starch and the low lipid concentrations in 

defatted maize (without addition of exogenous lipids) and potato starch (0.05%) 
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substantiates there inability to produce spherocrystals (reviewed by Fanta et al., 

2002). 

 

2.5 Chemistry of amylose-lipid complex 

 

The effect of fatty acids on starch pasting behaviour, especially the development 

of the second peak during extended pasting and spherocrystal formation, is 

attributed to the formation of amylose-lipid inclusion complexes. Inclusion 

complexes are formed through the interaction of the hydrophobic interior of the 

amylose helices with guest molecules, such as flavour compounds, iodine, 

alcohols, fatty acids, mono- and diglycerides (Jackson, 2003; Godet et al., 1995). 

Amylose-lipid complex formation generally occurs in starch containing natural 

lipids or with the addition of lipids to defatted starch (Godet et al., 1993). The 

complex is formed when the aliphatic fatty acid tail occupies the central 

hydrophobic core of the amylose helix, consisting of six, seven or eight glucose 

units per turn (Karkalas & Raphaelides, 1986). Steric hindrance and electrostatic 

repulsion prevents the polar fatty acid head form being incorporated into the 

amylose helix (Godet et al., 1993). The hydrophobic tail of the fatty acid is 

stabilized by the hydrophobic interaction and Van der Waal forces between the 

hydrogen atom on the fifth carbon of the glucopyranose unit of amylose and the 

hydrogen atoms linked to each carbon of the fatty acid chain (Godet et al., 1993; 

Siswoyo & Morita, 2003). The fatty acid chain is immobilized within the amylose 

helix (Morrison, 1995). Amylose complexation requires the monomer form of the 

lipid (Eliasson & Krog, 1985). Saturated monoglycerides with fatty acid chain 

lengths from C12 to C18 are very effective amylose complexing compounds 

(Eliasson & Krog, 1985). The cis-double bonds (C=C) of unsaturated fatty acid 

chains obstruct their access to the helical amylose core (Kaur & Singh, 2000). 

They are however able to complex with amylose through free rotation of adjacent 

single bonds (C–C) (Karkalas et al., 1995). 
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Biliaderis and Galloway, 1989).  Intramolecular hydrogen bonds stabilize the 

complexes (Rappenecker & Zugenmaier, 1981).  This superstructure formation is 

facilitated by water molecules between helices form hydrogen bonds with oxygen 

molecules (two, three, four & six) on the exterior VH-amylose glycosyl residues 

(Rappenecker & Zugenmaier, 1981; Karkalas & Raphaelides, 1986). 

 

2.5 Possible roles of crystalline starch structures in food 

The increase in the concerns of consumer to lower their fat intake leaves the 

food producer with the challenge of producing low fat or fat free products with the 

same level of quality as their full fat counterparts (Aime et al., 2001; Muir et al., 

1999). Modified starches have been applied as fat substitutes in a wide range of 

food products such as ice cream, feta type cheeses and processed cheese 

analogues as well as in meat products (Muir et al., 1999; Sipahioglu et al., 1999; 

Aime et al., 2001 and Hoffman & Mellet, 2003). The starch simulates the 

functional properties of fat with reduced calorific value (Muir et al., 1999).  

 

Small-sized starch particles may be of great use in the food industry because of 

their novel physical properties (Kim & Lim, 2009). Small-sized starch particles 

(micron or nano sized) produced through the reaction of starch with fatty acids, 

may act as fat substitutes in the production of low fat or fat free food products. 

The small size of the starch particles could possibly enable them to physically 

mimic the lipid micelles (Dang & Copeland, 2003) while the lipid fraction may also 

act as carriers of flavour (Tari et al., 2003; Singh & Kim, 2009). 

 

Starch-lipid composites (SLC) prepared by steam-jet cooking and added to 

yoghurt resulted in stronger gels due to possible co-aggregation with casein 

micelles (Singh & Kim, 2009). The addition of SLC to yoghurt could therefore 

increase yoghurt viscosity and the fat fraction could act as a flavour carrier as 

well as improve mouthfeel (reviewed by Singh & Kim, 2009). Other diary 

products, such as mayonnaise, could also benefit from addition of starch-lipid 

particles.  
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CHAPTER 3 

HYPOTHESES AND OBJECTIVES 

 

3.1 Hypothesis  

 

The complexation of stearic acid with tef and commercial maize starches, 

followed by extended cooking in the rapid visco analyzer, may result in the 

formation of a second viscosity peak as a result of amylose-lipid inclusion 

complexes formed. The formation of a second viscosity peak during extended 

cooking was first observed by Nelles et al. (2000) for maize starch and later 

for tef starch by D’Silva (2009). The second peak has been attributed to the 

formation of amylose-lipid inclusion complexes (Nelles et al., 2000).  This has 

however not been proven.  

 

Amylose-lipid complexes formed during extended pasting of starches 

modified with stearic acid will alter the microstructure of tef and maize 

starches with stearic acid compared to starches without stearic acid (control). 

Nelles et al. (2003) observed changes in maize starch pastes coinciding with 

the second viscosity peak breakdown. They reported that granule integrity 

was lost after second peak formation as amylose-lipid complexes formed 

(Nelles et al., 2003). The amylose-lipid inclusion complexes may alter starch 

paste structure due to the formation of crystalline particles. Crystalline 

particles, believed to be amylose-lipid complexes, have been observed by 

Fanta et al. (2002), Byars et al. (2003) and Peterson et al. (2005) upon 

cooling of cooked starch pastes.  

 

The modification of tef and maize starches with stearic acid, during extended 

pasting, will change the starches form crystalline A to amorphous A and V 

type crystallinity. V type crystalline starches are resultant of the formation of 

amylose-lipid inclusion complexes (Godet et al., 1995; Tang & Copeland, 

2007 and D’Silva, 2009).  

 
 
 



 29

3.2 Objectives  

 
 
 

1. To determine the effect of stearic acid (0.25% and 1.50% on the weight 

basis of dry starch) on the microstructure of tef and commercial maize 

starch pastes sampled at six predetermined points during an extended 

pasting profile (holding period of 2 or 4 hours at 91°C).  

 

2. To determine the effect of stearic acid on the formation of amylose-lipid 

complexes for tef and commercial maize starches  
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CHAPTER 4 

RESEARCH 

 

The effect of stearic acid on the microstructure and thermal properties of 

tef and maize starches 

 

ABSTRACT 

Naturally occurring fatty acids, for example stearic acid, can modify the pasting 

properties of starches to produce a large second viscosity peak. The objective of 

this investigation was to determine the effect of stearic acid (0.25% and 1.50% 

on the weight basis of dry starch) on the microstructure and thermal properties of 

tef and maize starches during extended pasting (holding at 91°C for 2 or 4 hours) 

in the Rapid Visco Analyser (RVA).   

 

Light microscopy and scanning electron microscopy (SEM) of tef and maize 

starches sampled at six predetermined points during pasting (including first and 

second peak) and immediately frozen in liquid nitrogen (-180°C), showed 

increased proportions of intact granules up to the second peak formation (for 

control and treated samples). DSC (differential scanning calorimetry) of starch 

pastes modified with 1.50% stearic acid showed endothermic changes in heat 

flow at temperatures of 99°C-117°C in range with the melting temperatures of 

amylose-lipid complexes. Vh type crystallinity peaks at 0.44 nm, 0.68 nm and 1.2 

nm were observed with X-ray diffraction (XRD) for tef and maize starches 

modified with stearic acid (0.25% and 1.50%) and sampled at the second peak. 

The formation of the second peak viscosity during pasting of tef and maize 

starches modified with stearic acid can be attributed to the formation of amylose-

stearic acid complexes.  
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4.1 Introduction 

 

Fatty acids have been shown to modify starch pasting properties.  Kuar & Singh 

(2000) and Zhou et al. (2007) observed reduced peak viscosity, increased time to 

peak viscosity and increased final viscosity for maize and rice starches 

containing fatty acids. Reduced peak viscosity and increased time to peak 

viscosity with the addition of stearic acid to maize starch (Bajner, 2002) and 

maize and tef starch (D’Silva, 2009) has also been found. It has been hypothized 

that the lipids form a layer around the starch granule, thereby increasing its 

hydrophobicity, reducing water uptake and granular breakdown (Richardson et 

al., 2003). The increased final viscosity during pasting may be due to the 

formation of amylose-lipid complexes (Kuar & Singh, 2000). 

 

Nelles et al. (2000) observed the formation of a second peak during extended 

pasting (longer than 1 hour) of maize starch. The second peak has been 

proposed to be due to amylose-lipid complex formation, considering the second 

peak disappeared upon extraction of the fat fraction from the starch (Nelles et al., 

2000). Bajner (2002) observed that the addition of up to 1.50% stearic acid 

increased the second peak viscosity by almost double its size.  D’Silva (2009) 

also observed the second viscosity development in tef and maize starches. 

When tef starch was pasted with stearic acid no first peak was observed. 

Although it appears both lipids and amylose play a role in the formation of the 

second pasting peak, there has been no evidence proving that this  peak is due 

to their interaction to form amylose-lipid complexes. To establish the role of 

amylose-lipid complexes in the formation of the second peak, further analysis of 

the starch during this period of pasting is required.  

 

Microscopy, X-ray diffraction (XRD) and differential scanning calorimetry (DSC) 

analysis have been used in studying starch paste structure (Nelles et al., 2003; 

Fanta et al., 2002 and Peterson et al., 2005).  Nelles et al. (2003) observed that 
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maize starch granules (sampled at various times throughout pasting) remained 

intact until the second peak formation, after which integrity was lost. 

 

Fanta et al. (2002) and Peterson et al. (2005) used SEM and light microscopy 

with phase contrast and polarized light optics to show the crystalline 

spherocrystals formed after steam-jet cooking of maize starch in the presence of 

lipids. They concluded that these aggregates were amylose-lipid complexes, as 

the complexes did not form for waxy maize and potato starch. They used X-ray 

analysis to show that these aggregates showed V-type crystallinity.  DSC 

analysis of the spherocrystals showed melting endotherms similar to those 

previously reported by Karkalas et al. (1995) for amylose-stearic acid complexes 

(Fanta et al., 2002; Peterson et al., 2005).  

 

Other than the studies of D’Silva (2009), the effect of fatty acids on the 

microstructure of tef starch has not been investigated. Compared to maize, tef 

shows some unusual properties such as lower peak and setback viscosity as well 

as increased resistance to breakdown during pasting (Bultosa et al., 2002).  The 

properties of this underutilized African cereal (tef) needs to be investigated 

further to discover what unique possibilities it hold for future application.   

 

The objective of this work was to determine the effect of stearic acid on the 

microstructure and thermal properties of tef and maize starches sampled at 

various points throughout an extended pasting cycle as well as on the possible 

formation of amylose-stearic acid complexes.   
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4.2 Experimental 

 

4.2.1 Materials 

 

Tef grain (Witkop variety) was obtained from PANNAR, Kroonstad. South Africa. 

Commercial maize starch, Amyral (from white maize) was obtained from 

Tonghaat Hullet®, Edenvale, South Africa and was used as reference. 

Chemicals used were of analytical grade.  

 

4.2.2 Starch extraction 

 

Starch was extracted according to D’Silva (2009). Tef grain was sieved in order 

to remove any extraneous material. The whole grains were milled in a laboratory 

hammer mill to pass through an 800 µm screen. The resulting in tef flour was 

then defatted using hexane in a 1:3 (flour: hexane) ratio for 1 hour at 25°C, while 

constantly stirring the mixture. After 1 hour the hexane layer was decanted off. 

The procedure was repeated three times and the flour dried at 25°C in a forced 

air cabinet. Twenty grams of the defatted tef flour was suspended in 100 ml of 

distilled water to form a slurry. The slurry was then stirred for 1 hour and passed 

through a Retsch (Haan, Germany) wet mill with a 250 µm screen. The starch 

containing liquid was retained while the fibrous residue remaining on the screen 

was discarded. The liquid was then filtered through first a 75 µm sieve followed 

by a 38 µm sieve. The residues on the sieves were again discarded. The liquid 

remaining after sieving was centrifuged at 9940 g for 10 min. The supernatant 

was discarded and the brown layer containing the protein that formed on top of 

the white starchy layer was scraped off. The pellet obtained was then re-

suspended in distilled water and centrifuged again. This procedure was then 

repeated until no brown protein layer was visible. The tef starch samples were 

then freeze-dried. The purity of the extracted starch was estimated using light 

microscopy (results not shown).  
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with amylopectin according to Gibson, Solah & McCleary (1997). Amylose is 

expressed as a percentage of glucose derived from the hydrolysis of total starch 

before Con A treatment. 

 

4.2.6 Stearic acid incorporation into tef and commercial maize starches  

 

Stearic acid was added to tef and maize starch in the concentrations 0.25% and 

1.50% (on the weight basis of dry starch). Stearic acid was first dissolved in 

ethanol. The starch was then added to the stearic acid solution and the starch-

stearic acid mixture was covered with parafilm and aluminium foil. This was 

placed in a shaking water bath at 50°C for 30 min.  After removal of the parafilm 

and the foil, the ethanol was evaporated off in a force draught oven at 40°C. The 

control starch samples were treated exactly the same, but without the addition of 

stearic acid.  

 

Commercial maize starch was freeze-dried prior to incorporation of the stearic 

acid in order to reduce its moisture content to that of tef starch.  

 

4.2.7 Starch pasting  

 

A Rapid Visco Analyser Model 3D (Newport Scientific, Warriewood, Australia) 

was used to conduct the extended pasting profiles. Tef and maize starch (3 g; 

14% moisture) controls and complexed with 0.25% and 1.50% stearic acid was 

suspended in distilled water and the total weight was then adjusted to 28 g. The 

extended pasting profile began with stirring of 960 rpm at 50ºC for 30 seconds. 

For the remainder of the cycle stirring was held at 160 rpm. The suspension was 

heated from 50ºC to 91ºC (heating rate of 5.5ºC/min).  For controls and 0.25% 

stearic acid concentrations, starch suspensions were held at 91ºC for 2 hours 5 

min and for 1.50% stearic acid for 4 hours and 30 min at 91ºC before cooling to 

50ºC over 10 min (cooling rate of 5.5ºC/min).  
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Starch suspensions were sampled at various points during pasting. Starch 

suspensions controls and complexed with stearic acid were sampled at six 

various points (A - F) (Figure 4.1a). Samples were taken at approximately : A -  

the beginning of the profile before pasting;  B - the first viscosity peak; C -  the 

trough between viscosity peaks; D - the second viscosity peak; E – after the 

second peak and  F - final viscosity/ end of pasting.  
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Figure 4.1 Representative biphasic pasting curve indicating the approximate 

sampling points for tef and maize starches; A–raw starch; B–first peak ; C–

trough; D–second peak; E– after second peak and F–final viscosity 

 

Freezing of the starch samples was conducted by use of liquid nitrogen (-180ºC). 

Starch samples, as sampled above, were immediately transferred from the RVA 

canister and plunge frozen in liquid nitrogen. Samples were then stored in liquid 

nitrogen for light microscopy analysis. Selected samples were freeze dried for 

SEM, XRD and DSC analysis.  
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4.2.8 Analysis of pasted starch samples 

 

4.2.8.1 Light Microscopy of tef and maize starches  

 

Starch samples (sampled as described in 4.2.7) were prepared for microscopic 

analysis. The frozen starch sample (about 30 µl) was removed from the cryotube 

(at room temperature) and placed on a glass slide. Distilled water (3-4 drops) 

was added and a coverslip was applied. Starch samples were observed using a 

Nikon Optiphot Transmitted Light Microscope (Tokyo, Japan) with phase contrast 

optics. Polarized light was used to detect birefringence in the granules. Images 

captured were representative of what was observed.  

 

4.2.8.2 Scanning electron microscopy of tef and maize starches 

 

Freeze dried starch samples (sampled as described in 4.2.7) were mounted on 

aluminum stubs covered with double sided tape. The stubs were sputter-coated 

with gold in a Polaron E 5200 coating unit to a thickness of about ± 20 nm. 

Prepared samples were than viewed in a JEOL JSM 840 (Tokyo, Japan) SEM 

operated at 5 kV.  

 

4.2.8.3 Differential Scanning Calorimetry of tef and maize starches 

 

The moisture contents of starch samples were adjusted by vapour phase 

conditioning prior to DSC analysis. Freeze dried tef and maize starch samples 

(sampled as in 4.2.7) were placed in a desiccator over a saturated K2CO3 

solution for five days at room temperature. The moisture contents of the starches 

were adjusted to 8% (g/100 g dry basis) and determined as in 4.2.3. Thermal 

properties of freeze dried starch samples were determined using a DSC-Q100 

(TA Instruments, Newcastle, Deleware).  Approximately 10 mg of tef and maize 

starch samples (controls and complexed wih 0.25% and 1.50% stearic acid) were 

weighed into aluminium DSC pans and distilled water (30 mg) was added. 
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Values shown are the mean of at least three repetitions. Values within the same 

row with different letters differ significantly.   
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4.3 Results and Discussion 

 

4.3.1 Proximate composition of the starches 

 

Table 4.1 shows that the crude fat (ether extract) content of tef starch was similar 

to that of maize starch. Tef starch and maize starches also had similar amylose 

contents. Tef starch mean protein content (1.5%) was higher than maize starch 

(0.7%). This could be due to the different extraction methods used.  Extraction of 

tef starch was performed using distilled water. Metabisulphite (SO2) is mostly 

used in extraction of commercial maize starch (Kent & Evers, 1994). Sulphur 

dioxide (SO2) solubilises the protein matrix by reducing the disulphide bonds 

(Bultosa, 2003) therefore protein could have been separated more completely 

from maize starch.   

 
Table 4.1 Chemical composition of tef and commercial maize starch (g/100 g)  
 

 Tef Maize 

Moisture 1.4 (0.1) 0.6 (0.1) 

Ash 0.6 (0.0) 0.1 (0.0) 

Protein 1.5 (0.1) 0.7 (0.0) 

Crude Fat 0.2 (0.1) 0.2 (0.1) 

Amylose* 34.6 (0.8) 32.7 (0.7) 

Total starch 84.2 (5.7) 89.0 (2.1) 
Values in brackets are the standard deviations of the mean 
*(g/100 g of total starch) 
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4.3.2 Pasting properties of tef and maize starches  

 

Figure 4.2 shows the effect of stearic acid (0.25% and 1.50%) on the pasting 

properties of tef starch. For tef control a first viscosity peak (140 RVU) formed 

after 10 min, with a breakdown viscosity of approximately 20 RVU (Table 4.2). 

Stearic acid (0.25% and 1.50%) had an unusual effect on the first viscosity peak 

of tef starch (Figure 5.1). The addition of 0.25% stearic acid produced no first 

viscosity peak within the first 15 min of pasting and therefore no time to peak 

viscosity or breakdown could be calculated. D’Silva (2009) also observed no first 

viscosity peak for tef starch modified with stearic acid.  The addition of 1.50% 

stearic acid significantly (p<0.05) increased the total time to reach a peak 

viscosity of approximately 100 RVU to 14 min. This viscosity was lower 

compared to the control.  At a concentration of 1.50% stearic acid, breakdown 

was decreased (compared to control) to approximately 6 RVU. For maize starch 

(Figure 4.3) the addition of stearic acid (0.25% and 1.50%) did not significantly 

(p>0.05) decrease the first peak viscosity. There appeared to be an increase in 

time to peak viscosity, but it was not significant (p>0.05). There was however, a 

significant (p<0.05) decrease in breakdown viscosity for maize starch with the 

addition of 1.50% stearic acid.    

 

Decreased peak viscosity, time to first peak viscosity and breakdown was also 

observed by D’Silva (2009) with the addition of stearic acid to tef and maize 

starches and also by Zhou et al. (2007) with the addition of stearic acid and 

linoleic acid to rice starch. Bajner (2002) found decreased breakdown after first 

peak viscosity when stearic acid was added to maize starch at increasing levels 

and subjected to an extended pasting profile. Zhou et al. (2007) explained the 

effect on peak viscosity, with addition of fatty acids, to be due to the lipids 

covering the starch granule surface.  Richardson et al. (2003) suggested that a 

layer of lipid covering the starch granules would result in increased 

hydrophobicity of the granules which would lead to decreased water uptake and 

reduced swelling.  
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There was no increase in viscosity for tef starch control after the first viscosity 

peak and all through the holding period at 91°C for 2 hours. At the end of the 

holding phase upon cooling to 50°C tef starch viscosity increased to final 

viscosity (193 RVU) (Table 4.2). For maize starch control the formation of a small 

(159 RVU) second peak, after 70 min during the holding period at 91°C for 2 

hours, occurred. Maize starch also increased to final viscosity (206 RVU) upon 

cooling (Table 4.2). The second pasting peak formed for maize starch control 

(Fig 4.3 and Table 4.2) could be due to the formation of complexes with 

endogenous lipids in the starch that were not completely removed by defatting 

(Nelles et al., 2000).  

 

The addition of 0.25% stearic acid to tef (Figure 4.2) and maize (Figure 4.3) 

starches resulted in the formation of a second viscosity peak (after 70 min), 

during the holding phase of 91°C for 2 hours. At a concentration of 1.50% stearic 

acid the second peak viscosity formed after 40 min during holding at 91°C for 4 

hours further increased compared to 0.25% stearic acid, for both tef and maize 

starches. However, the second peak formed for 1.50% stearic acid was noisy, 

and not a smooth line, as in the case with 0.25%. The reason for the noisy 

second peak could possibly be due to the limitations of the RVA. The viscosity of 

the starch (1.50% stearic acid) pastes was possibly at a higher level than the 

maximum stirring ability of the instrument, making it difficult for the paddle to stir 

in a smooth continuous manner.  

 

The formation of a second pasting peak viscosity during extended cooking of 

starch in the RVA was observed for maize starch by Nelles et al. (2000) and  

Bajner (2002) and for tef and maize starches by D’Silva (2009). Nelles et al. 

(2000) showed that upon removal of the lipid fraction the second peak 

disappeared. D’Silva (2009) pasted waxy maize (97% amylopectin) starch with 

0.25% stearic acid and no second peak was formed. The complexation index (CI) 

also increased with the increasing concentrations of stearic acid added to tef and 

maize starches possibly indicating less free amylose and more amylose 
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complexed with stearic acid (D’Silva, 2009). The formation of the second peak 

has been attributed to the formation of amylose-lipid complexes (Nelles et al., 

2000; Bajner, 2002; Nelles et al., 2003 and D’Silva, 2009), as the presence of 

lipids and amylose appeared to be necessary for the formation of the second 

peak.   

 

Increasing the stearic acid concentration to 1.50% resulted in an increased area 

of the second peak for both tef and maize starches compared to the control and 

0.25% stearic acid. Increased area of the second peak with increased 

concentration of stearic acid was also observed for maize starch (Bajner, 2002) 

and both maize and tef starches (D’Silva, 2009). At a concentration of 1.50% 

stearic acid a larger amount of amylose-stearic acid complexes, compared to 

less stable complexes between amylose and endogenous lipids, could be 

present. This could possibly be the reason for the larger second peak formed 

with the 1.50% stearic acid treatment. Also, the second peak formed for 1.50% 

stearic acid, started earlier (after approximately 50 min) than in the case of 

0.25% stearic acid (after approximately 70 min). This could be due to the 

presence of a higher amount of stearic acid and therefore a higher rate of 

complex formation. The decrease in viscosity following the second viscosity peak 

could be due to the dissociation of the unstable complexes formed with 

endogenous lipids (Bajner, 2002). 

 

For both tef and maize starches controls, paste viscosity increased to reach final 

viscosity, upon cooling. During the cooling phase there is an increase in the 

viscosity of a starch paste to reach a final viscosity, as a result of the 

reassociation of the starch molecules in order to re-establish ordered structure 

that is referred to as retrogradation (Thomas & Atwell, 1999). The addition of 

0.25% stearic acid also resulted in the formation of a final viscosity for tef and 

maize that was higher when compared to the controls. D’Silva (2009) also 

observed an increase in the final viscosity (compared to the control) for tef and 

maize starch with the addition of 0.25% stearic acid. She explained that the 
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higher final viscosity of starches modified with 0.25% compared to the control 

could be as a result of both the formation of amylose-lipid complexes as well as 

the retrogradation of uncomplexed amylose.  

 

For tef and maize starch modified with 1.50% stearic acid, however, there was no 

increase in viscosity during the cooling period after second peak formation.  It is 

expected that upon cooling, starch pastes increase in viscosity to reach a final 

viscosity.  However for tef and maize modified with 1.50% stearic acid, the starch 

pastes decreased in viscosity up to the end of the pasting profile. The observed 

‘final viscosity’ recorded as sampling point F was therefore equal to the lowest 

viscosity after the second peak formation (sampling point E).  Therefore during 

the cooling period there was probably no retrogradation when tef and maize was 

modified with 1.50% stearic acid. Thus, addition of increased levels of stearic 

acid may therefore retard / inhibit retrogradation. 

 

The unpredictably low final viscosity reached during the cooling phase of tef and 

maize starch pastes modified with 1.50% stearic acid could possibly be due to a 

larger amount of amylose-stearic acid complexes compared to control and 0.25% 

stearic acid formed during the second peak. Therefore fewer uncomplexed 

amylose molecules are available to reassociate and consequently increase the 

viscosity. The pasting profile used by D’Silva (2009) was too short to observe 

whether, there was an increase in viscosity during the cooling phase for 1.50% 

stearic acid.  

 

 

 

 

 

 

 

 

 
 
 



4
0
0

1
0
5

4
0
0

1
0
5

3
0
0

9
0

T
e

m
p

e
ra

tu
re

 p
ro

fi
le

3
0
0

9
0

T
e

m
p

e
ra

tu
re

 p
ro

fi
le

3
0
0

7
5

(RVU)

ture (°C)

1
.5

%

3
0
0

7
5

(RVU)

ture (°C)

1
.5

%

2
0
0

6
0

Viscosity 

Temperat

0
.2

5
%

2
0
0

6
0

Viscosity 

Temperat

0
.2

5
%

1
0
0

4
5

T

0
%

1
0
0

4
5

T

0
%

N
e
w

p
o
rt

 S
c
ie

n
ti
fi
c
 P

ty
 L

td
0

00
6
0

1
2
0

1
8
0

2
4
0

T
im

e
 (

m
in

u
te

s
)

N
e
w

p
o
rt

 S
c
ie

n
ti
fi
c
 P

ty
 L

td
0

00
6
0

1
2
0

1
8
0

2
4
0

T
im

e
 (

m
in

u
te

s
)

F
ig

u
re

 4
.2

E
ffe

ct
 o

f s
te

ar
ic

 a
ci

d 
 a

dd
iti

on
 (

0.
25

%
 a

nd
 1

.5
0%

) 
on

 th
e 

pa
st

in
g 

pr
op

er
tie

s 
of

 te
f s

ta
rc

h

45

 
 
 



40
0

10
5

40
0

10
5

9010
5

T
e

m
p

e
ra

tu
re

 p
ro

fil
e

9010
5

T
e

m
p

e
ra

tu
re

 p
ro

fil
e

30
0

75

(RVU)

re (°C)

1
.5

%

30
0

75

(RVU)

re (°C)

1
.5

%

20
0

60

Viscosity (

emperatu

0
.2

5
%

20
0

60

Viscosity (

emperatu

0
.2

5
%

10
0

45

V

Te

0
%

10
0

45

V

Te

0
%

N
e
w

p
o
rt

 S
ci

e
n

tif
ic

 P
ty

 L
td

0

00
60

12
0

18
0

24
0

T
im

e
 (

m
in

u
te

s)

N
e
w

p
o
rt

 S
ci

e
n

tif
ic

 P
ty

 L
td

0

00
60

12
0

18
0

24
0

T
im

e
 (

m
in

u
te

s)
e

(
u

e
s)

e
(

u
e
s)

F
ig

u
re

 4
.3

E
ffe

ct
 o

f s
te

ar
ic

 a
ci

d 
ad

di
tio

n 
(0

.2
5%

 a
nd

 1
.5

0%
) 

on
 th

e 
pa

st
in

g 
pr

op
er

tie
s 

of
 m

ai
ze

 s
ta

rc
h

46

 
 
 



Ta
b

le
4.

2
E

ffe
ct

s
of

st
ea

ric
ac

id
ad

di
tio

n
(0

%
,0

.2
5%

an
d

1.
50

%
)

on
th

e
vi

sc
os

ity
(R

V
U

)#
of

te
fa

nd
m

ai
ze

st
ar

ch
es

sa
m

pl
ed

at
5

tim
e

po
in

ts
(

B
,C

,D
,E

an
d

F
)

S
am

pl
in

g 
po

in
t

S
ta

rc
h

S
te

ar
ic

 a
ci

d 
(%

)

0
0

25
1

50
0

0.
25

1.
50

B
 (

fir
st

 p
ea

k)
T

ef
12

5.
5

b
(1

.1
)

nd
*

10
3.

2
a

(3
.3

)

M
ai

ze
19

3.
29

 a
(1

.2
)

20
4.

9 
b 

(5
.2

)
20

3.
5 

b (
7.

6)
(

)
(

)
(

)

C
 (

tr
ou

gh
)

T
ef

11
6.

0
b

(1
.6

)
nd

*
94

.9
a

(5
.6

)

M
ai

ze
13

2.
7

a
(6

.3
)

15
0.

2
b

(0
.9

)
15

6.
8

b
(1

.5
)

D
 (

2n
d

pe
ak

)
T

ef
nd

**
18

4.
7

a
(8

.5
)

28
1.

4
b

(2
5.

0)

M
ai

ze
15

8.
8

a
(7

.8
)

21
3.

8
b

(8
.1

)
37

2.
4

c
(4

1.
5)

E
 (

2n
d

tr
ou

gh
)

T
ef

nd
**

13
6.

9
b

(2
.9

)
10

6.
3

a
(9

.1
)*

**

M
ai

ze
12

4.
0

a
(3

.3
)

15
4.

0
b

(9
.1

)
21

9.
7

c
(1

9.
7)

**
*

#
va

lu
es

in
br

ac
ke

ts
ar

e
st

an
da

rd
de

vi
at

io
ns

fr
om

th
e

m
ea

n

F
 (

fin
al

 v
is

co
si

ty
)

T
ef

19
3.

1
a

(4
.3

)
22

3.
7

b
(4

.6
)

10
6.

3
ab

(9
.1

)*
**

M
ai

ze
20

5.
5

a
(4

.8
)

24
0.

2
b

(9
.9

)
21

9.
7

ab
(1

9.
7)

**
*

#
va

lu
es

 in
 b

ra
ck

et
s 

ar
e 

st
an

da
rd

 d
ev

ia
tio

ns
 fr

om
 th

e 
m

ea
n

* 
N

ot
 d

et
er

m
in

ed
 a

s 
th

er
e 

w
as

 n
o 

fir
st

 p
ea

k 
fo

r 
te

f s
ta

rc
h 

w
ith

 0
.2

5%
 s

te
ar

ic
 a

ci
d

**
 N

ot
 d

et
er

m
in

ed
 a

s 
te

f s
ta

rc
h 

di
d 

no
t s

ho
w

 a
 fi

rs
t v

is
co

si
ty

 p
ea

k 
fo

r 
0%

 s
te

ar
ic

 a
ci

d
**

*I
n 

th
e 

ca
se

 o
f s

ta
rc

h 
m

od
ifi

ed
 w

ith
 1

.5
0%

 s
te

ar
ic

 a
ci

d,
 s

am
pl

in
g 

po
in

t E
=

F,
 s

ee
in

g 
as

 th
e 

pa
st

in
g 

pr
of

ile
 e

nd
ed

 a
t s

am
pl

in
g 

po
in

t E
 

M
ea

n 
va

lu
es

 in
 th

e 
sa

m
e 

ro
w

s 
w

ith
 th

e 
di

ffe
re

nt
 le

tte
rs

 d
iff

er
 s

ig
ni

fic
an

tly
 (

p<
0.

05
)

 
 
 



 48

4.3.3 Microscopy of tef and maize starches 

 

Figure 4.4a and b shows the scanning electron micrographs (SEM) of raw tef and 

maize starch granules. Individual raw tef starch granules (Figure 4.4a) were 

polygonal in shape and between 2–6 µm in diameter. The surface of the tef 

granules appears to be smooth and there was no evidence of surface pores. 

Bultosa (2003) also did not find any pores on the surface of tef starch using SEM. 

The surface of maize starch granules (Figure 4.4b), however, contained visible 

pores. Fannon et al. (1992) found pores on the surface of maize starch granules.  

Raw maize starch granules were found to be between 12–15 µm in diameter. 

These results are in agreement with those previously reported by Bultosa (2003). 

When viewed under polarized light (Figure 4.4c and d), raw tef and maize starch 

granules exhibited birefringence in the form of Maltese crosses.  

 

Figures 4.5, 4.7 and 4.8 respectively show light, phase contrast and SEM 

micrographs of tef and maize starches, (control and modified with 0.25% and 

1.50% stearic acid) sampled at the various points (A–raw starch; B–first peak; C–

trough; D–second peak and  E/F–final viscosity) during pasting.  The granules of 

tef starch control sampled before pasting (point A) (Figures 4.5a, 4.7a and 4.8a) 

were intact and not swollen with an average granule size of approximately 5 µm. 

Similarly, the granules of maize starch control sampled before pasting (point A) 

(Figures 4.5b, 4.7b and 4.8b) were intact, not swollen and on average 

approximately 12-15 µm in diameter. Stearic acid modification (0.25% and 

1.50%) did not bring about any visible difference in the raw granular structures of 

tef and maize starch sampled before pasting (point A). Viewing the raw tef and 

maize starch granules (sampled before pasting) under polarized light showed 

maltese crosses, indicating these granules were birefringent (Figures 4.4c  and 

d) for both the control as well as the stearic acid modified starches. Complexation 

with stearic acid did therefore not affect the raw starch crystalline structure. This 

is because both tef and maize starch controls and modified with stearic acid, still 

showed birefringence in the form of Maltese crosses.  
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Light microscopy of tef starch control sampled at the first peak (point B) (Figures 

4.5a and 4.7a) showed mostly intact, swollen granules approximately 10-12 µm 

in diameter. Maize starch control sampled at the first peak (Figures 4.5b and 

4.7b) also showed generally intact, swollen granules (25-30 µm in diameter). 

Some maize starch granules were broken with leached granular contents visible. 

SEM of both tef (Figure 4.8a) and maize (Figure 4.8b) starch sampled at the first 

peak (point B) supported the light micrographs by showing intact granules, but it 

was evident that there were much fewer intact granules for maize compared to 

tef starch, with large amounts of broken granules present.  Additionally, SEM 

more clearly showed leached out granular content. The considerable swelling of 

the tef and maize starch granules, due to water uptake during heating, along with 

leaching out of some granular content is believed to be responsible for the 

increase in viscosity to reach peak viscosity (Gunaratne & Corke, 2004). Nelles 

et al. (2003) also observed intact maize starch granules up to first peak formation 

with only some granular content leaching and total loss of birefringence after 10 

min of pasting. When viewed under polarized light, tef and maize starch sampled 

at the first peak did not show any birefringence, indicating that all the granules 

have gelatinized at this point during pasting.  

 

Considering the light and SEM microscopy data, the addition of stearic acid 

(0.25% and 1.50%) to tef and maize starch sampled at the first peak (point B) 

appeared to increase the proportions of intact granules compared to the controls. 

However, there seemed to be no effect on granular swelling and rupture 

(compared to the control samples) with the increasing levels of stearic acid. 

Stearic acid treated tef and maize starch granules were approximately similar in 

size to the control and granular breakdown and amylose leaching was minimal 

for all samples. 

 

Richardson et al. (2003) observed restricted granule swelling and amylose 

leakage up to 90°C of wheat starch suspensions modified with a mixture of 

polyglycerol ester and a monoglyceride (PG/ME) and heated using a Brabender 
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Viscoamylograph. They suggested that restriction of swelling could possibly be 

due to lipids covering the granular surface. Reduced amylose leakage was 

possibly due to the formation of amylose-lipid complexes. Therefore the 

increasing proportions of intact granules with addition of stearic acid could be 

due to more lipids being available to form a layer around tef and maize starch 

granules and thereby retarding their breakdown.  Regarding granule swelling, it is 

important to note that starch samples were taken at the maximum height of the 

first peak and not at certain predetermined time point. The possibility that stearic 

acid restricted granule swelling and amylose leaching of tef and maize starch 

granules should not be disregarded, as there was an increase in time to reach 

peak viscosity (see section 4.3.2). Restricted granular swelling  might have been 

noted more easily if samples were taken at corresponding time/temperature 

points corresponded, instead of sampling at a certain point on the pasting curve.  

 

Light microscopy of tef starch control sampled at the trough (point C) (Figures 

4.5a and 4.7a) mostly showed the presence of intact swollen (15-20 µm) 

granules. Some broken granules were also visible. The intact granules seemed 

to clump and form masses of intact granules. Additionally, SEM (Figure 4.8a) 

showed leached out granule contents (probably amylose) that could be seen as a 

network between and surrounding the intact granules. Light micrographs of the 

maize starch control (point C) showed some intact as well as broken granules 

with granular fragments and leached out granular content (Figures 4.5b and 

4.7b).  

 

It appears from the light microscopy of tef starch (sampled at C) with stearic acid 

(0.25% and 1.50%) that the proportions of intact granules did not appear to 

change nor affect the leaching out of their contents.  However, due to the large 

amounts of small sized tef granules it was difficult to clearly distinguish swollen 

intact granules from leached out or broken granules using light microscopy. 

Additionally, SEM seemed to indicate larger proportions of intact tef granules 

(Figure 4.8a).  The addition of stearic acid (0.25% and 1.50%) to maize starch 
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(sampled after the first peak) (Figures 4.5b, 4.7b and 4.8b) seemed to lead to 

increased proportions of intact, swollen granules (25–30 µm) compared to the 

control, but similar to samples taken at the second peak, the proportions of intact 

granules were much less compared to tef starch. The granules of both tef and 

maize starch (control, 0.25% and 1.50% stearic acid) sampled at the trough 

appeared to aggregate and form larger clumps of multiple granules and there 

were fewer proportions of individual granules.   

 

As mentioned, a hydrophobic layer of stearic acid around tef and maize starch 

granules might have retarded water uptake and consequently swelling, leading to 

larger amounts of intact granules compared to the control. Nelles et al. (2003) 

also observed intact granules up to second peak development and attributed this 

to be a result of amylose interacting with lipids to form amylose-lipid complexes.  

 

The light micrographs of tef (Figures 4.5a and 4.7a) and maize (Figures 4.5b and 

4.7b) starch controls sampled at the second peak (point D) showed lower 

proportions of intact swollen granules and larger proportions of pasted starch 

networks, when compared to samples taken at previous points (A, B and C). This 

was similar to what Nelles et al. (2003) found. They suggested that the second 

peak formation coincided with granular breakdown, as they also observed 

granular breakdown of most intact granules at this point. Formation of the second 

viscosity peak has been attributed to the formation of amylose-lipid inclusion 

complexes (Nelles et al., 2000). No complexes were, however, observed by 

these authors. 

 

There seemed to be no difference with the addition of 0.25% stearic acid to tef 

and maize starch compared to the control samples. For 1.50% stearic acid, 

however, light (phase contrast) and SEM micrographs of both tef (Figures 4.7a 

and 4.8a) and maize (Figures 4.7b and 4.8b) starches sampled at the second 

peak (point D), showed larger proportions of intact granules, than the controls. In 

the case of tef starch granules, without surface pores, the high concentration of 
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stearic acid (1.50%) could cause more granules to be layered with the 

hydrophobic fatty acid, as suggested by Richardson et al. (2003), thereby 

retarding granule breakdown. D’Silva (2009) also observed that stearic acid 

formed a layer around tef starch granules. For maize starch granules (with 

surface pores) stearic acid that possibly diffused into the granules could have 

complexed with amylose, resulting in the formation of amylose-lipid complexes. 

Stearic acid has been observed to be inside maize starch granules (D’ Silva, 

2009). This would also lead to reduced swelling and possibly hinder granular 

breakdown. Possible amylose-stearic acid complexes were observed when 

maize starch modified with 1.50% stearic acid (sampled at the second peak) was 

viewed under polarized light (Figure 4.6a). Bright spherical structures (10-20 µm 

in diameter) exhibiting birefringence were observed for maize starch. When 

viewed under normal light these structures appeared smaller and darker in colour 

compared to the surrounding intact maize starch granules.  They also seemed to 

have a dark layer on the surface. Under polarized light, the structures resembled 

those observed by Fanta et al. (2002) prepared jet cooking suspensions of 

maize, rice and high amylose starch. However, very few of these structures were 

observed throughout all the microscopic investigations (in total only about eight 

of these structures were observed) and they were very difficult to find.  

Additionally, none of these structures were visible when using SEM. 

 

Fanta et al. (2002) and Peterson et al. (2005) observed the formation of 

birefringent spherocrystals upon cooling of jet-cooked maize starch. The 

spherocrystals were not formed from waxy maize, defatted maize or potato 

starches and were therefore suggested to be amylose-lipid inclusion complexes.  

D’Silva (2009) also observed small bright particles for tef and maize starches 

modified with 0.25% stearic acid. The structures observed by D’Silva (2009), 

however, did not resemble those found in this study and were possibly 

uncomplexed aggregates of residual stearic acid. Zabar et al., (2009) prepared 

amylose-stearic acid complexes from amylose and 7% (w/w) stearic acid and 

used SEM to investigate their microstructure. Amylose-stearic acid complexes 
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The addition of stearic acid (0.25% and 1.50%) to tef starch sampled after the 

second peak (E and F) did not seem to have any visible effect, when compared 

to the control (Figures 5.4a and 5.6a). For maize starch sampled after the second 

peak (E/F), the addition of stearic acid (1.50%) seemed to result in intact swollen 

granules outside of the gelled starch network (Figures 5.4b and 5.6b).  
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