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I 

Abstract 

 

 

This research examined at how different starch particle sizes were physically altered 

by the same hot and humid treatment conditions (120°C, 30% moisture content, 1 

hour treatment). The effects and differences of the HMT modification method on the 

morphological characteristics, pasting properties, thermal properties and gel 

rheological properties of different particle sizes of starch were also evaluated. In this 

study, the physicochemical properties of small granular starches extracted from seeds 

or roots of three plants were analyzed before and after treatment and compared with 

two New Zealand commercial large granular starches (potato starch and maize 

starch). Three small granule starches include quinoa starch, amaranth starch and taro 

starch. After HMT physical modification, the particle size of small starch particles 

increased significantly. It showed an apparent aggregation phenomenon on the 

scanning electron microscope photos, while this trend was very low for large starch 

particles. X-ray diffraction showed that the change of crystal form was not related to 

particle size. The crystal form of potato starch changed after modification but not that 

of other starches. At the same time, the relative crystallinity of small grain starch 

decreased after modification, while that of large grain starch increased. All starch 

samples showed that HMT physical modification increased the thermal stability of 

native starch. At the same time, the gel, thermal and gelatinization properties showed 

that the effect of particle size on the modification of HMT might not be obvious, and it 

is more affected by amylose. At the same time, for the rheological properties of the gel, 

it can be observed that particle size will affect the results of oscillation. However, the 

effect of HMT on the flow properties and particle size is not a decisive factor. 

 

According to the different physical and chemical properties of starch with different 

particle sizes under the modification of HMT, it has excellent help and application to 

the food industry. It is helpful for industrial production. When starch with different 

particle sizes is modified by heat-moisture treatment, it can be adjusted appropriately 
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according to relevant purposes. 
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Chapter 1 Introduction 

 

 

As an essential energy source and industrial raw material for human beings, starch 

plays an irreplaceable role in production and life (Chen et al., 2017). Natural starch 

often exists in green plants' seeds, roots, stems and leaves and is mainly composed 

of amylose and amylopectin (Ai & Jane, 2015). Under normal circumstances, the 

natural starch particle size ranges from 0 to 100µm, and according to the size range, 

starch can be divided into large and small granule starch (Lindeboom et al., 2004). 

Different particle sizes tend to show different properties of starch. At the same time, 

different sources and types of starch have great differences, and the influencing 

factors of starch characterization are often determined by starch particle size, 

amylose and amylopectin content, starch internal structure and other trace elements 

(Li & Zhu, 2018a). 

  

As natural starch often has certain defects in industrial production, such as poor 

thermal stability and poor tolerance to processing, more and more research directions 

and industrial production began to develop towards modified starch (Schafranski et al., 

2021). Among the many modification methods (physical, chemical and enzymatic), 

physical modification of starch has attracted increasing attention due to its low cost, 

safety and non-toxicity (Rafiq et al., 2016; Wang et al., 2016). Among them, starch 

particles are exposed to a specific temperature (90-120°C), the moisture content is 

controlled (around 10-30%), and the treatment time is between 15 minutes and 16 

hours. This method is called Heat-moisture treatment (Adawiyah et al., 2017). As a 

standard physical modification method, moist-heat treatment has a history of several 

decades, during which a large number of starches of different kinds and sources have 

been studied and reported to study the application of HMT on starch (Schafranski et 

al., 2021). However, there are few reports on comparing starch with different particle 

sizes after HMT treatment, especially on small particle starch. Some studies have 

found that natural small granule starch has unique physical and chemical properties to 
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a certain extent, and there are particular challenges in industrial production (Li & Zhu, 

2018a; Lindeboom et al., 2004).  

  

This study mainly explores three kinds of natural small granule starch and two kinds of 

commercial large granule starch under the same conditions of HMT. Each starch's 

physical and chemical properties before and after treatment were analyzed. The 

analysis of physicochemical properties includes comparing starch particle morphology, 

swelling power, gelatinization properties, gel properties and rheological properties 

before and after treatment. 

 

This research is divided into five chapters. The first chapter introduces the purpose 

and background of this research. The second chapter briefly summarizes the 

knowledge background of starch and the research results of HMT physical 

modification over the years. The third chapter describes the methods used in the 

research and the data processing methods. The fourth chapter introduces the 

experimental results in detail, and the fifth chapter makes a summary and prospects. 

 

Among them, the small grain starch extracted from three kinds of small granule starch 

seeds or roots purchased locally in New Zealand was compared with the commercial 

large grain starch to study the HMT results. Many previous studies were mainly 

conducted to compare starch of a single type or different genotypes or to explore the 

effects of different HMT processing parameters on starch. This study supplemented 

the possible effects of particle size on Heat-moisture treatment.  
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Chapter 2. Literature review 

  

2.1 Starch 

  

Starch, an essential human diet source, provides most of the calories for humans. At 

the same time, starch is ubiquitous in cereal crops and is an excellent energy source 

for human beings. Also, starch and modified starch would provide a broad industrial 

role due to their unique chemical and physical properties (Zhou et al., 2017). In 

general, starch is often used as a food thickening agent (Gałkowska et al., 2013; 

šarka & Dvořaček, 2017), stabilizer (Dickinson, 2017; B. Zhang, Tao, et al., 2017) and 

gelling agent (B. Zhang, Pan, et al., 2017). 

  

Normally starch, as the most abundant polysaccharide in nature, is a polymer made of 

D-glucose bonded by α-1, 4 glycosylic bonds and α-1, 6 glycosylic bonds (Ai & Jane, 

2015). There would be two types of starch, amylose and amylopectin. Amylose (AM) 

is a linear D-glucose-molecule linked by an α-1, 4 glycosidic bonds (Figure 1). 

Amylose is a kind of starch molecule that tend to be linearly polymerised and 

composed of α-1, 4 glycosidic bonds; meanwhile, amylose is generally located in the 

amorphous region of starch granules (Ai & Jane, 2015; Chen et al., 2017). 

 

  

Figure 2.1. Amylose structure (Tester et al., 2004) 
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Figure 2.2. Amylopectin structure (Adapted from Tester et al., 2004) 

  

Amylopectin is a macromolecule of D-glucose linked by α-1, 4 and α-1, 6 glycosidic 

bonds (figure 2), and each branched molecule contains a main chain and several side 

chains (Tester et al., 2004). Among them, α-1, 6 glycosidic bonds account for 5% of 

the total, and amylopectin is highly branched (Ai & Jane, 2015). In general, the main 

chain is called the C-chains and the side chains are called the A and B-chains. As the 

outer chain, A-chains are connected with B-chains by α-1, 6 glycosidic bonds; The 

same B- chains are linked to the C-chains by an α-1, 6 glycosidic bonds (Hizukuri, 

1986; Kobayashi et al., 1986, as cited in Hoover, 2001). The C-type chain also has a 

reducing group at the end, and the overall chain length determines the crystal 

structure of the corresponding starch (Pérez & Bertoft, 2010). 

 

The ratio of amylose and amylopectin is different in starch from different sources. 

Normally, most starch contains 20-25 amylose; but wax starch's composition is all 

amylopectin, and high amylose contains more than 50% amylose (Schafranski et al., 

2021). According to Table 2.1, it would be found that the amylose content of natural 

amaranth starch varies greatly. Influenced by species and genotypes, there were 

waxy amaranth starch and deficient amylose content species (Zhu, 2017). Amylose 

tends to form complexes with hydrophobic guests, and amylopectin's branched 

chains form a double helix (Ai & Jane, 2015; Chen et al., 2017). Amylopectin and 

amylose have significant effects on starch structure and properties (Pérez & Bertoft, 

2010).  
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Table 2.1. Amylose content of three small granule starches. 

Sample name Amylose content (%) Reference 

Native Quinoa 3-20 % (Li & Zhu, 2018a) 

Native Amaranth 0-34% (Zhu, 2017) 

Native Taro 10.4-14.7% 
(Aboubakar et al., 2008; 

Simsek & El, 2012) 

 

  

The starch grain structure contains crystalline regions and amylopectin branches, 

which are amorphous in alternating layers (Schafranski et al., 2021). Starch grains 

contain crystalline regions and amorphous regions. X-ray diffractometry is a method 

to analyse the crystal structure and characteristics of starch grains (Zobel, 1988a; 

Hizukuri et al., 1983, as cited in Hoover, 2001), and the results show that amylopectin 

branches in clusters as helical structures, and they pile up together to form many 

small crystalline forms; generally, there are three crystalline forms: A-, B- and C- type, 

and C-type can be seen as a superposition of A- and B- type (Imberty et al., 1991; 

Hoover, 2001). Furthermore, according to the similarity between A-type and B-type, 

C-type can be further divided into Ca-type, Cb-type and Cc-type (Hizukuri, 1960). 

Most of the tuber and root starch is B-type (Zobel, 1988), and cereal starches 

generally show A-type, while B-type shows the true crystalline form of starch (Buléon 

et al., 1998). The other chains that do not participate in forming the microcrystal 

strand constitute an amorphous region. The crystalline region formed a compact layer, 

and the amorphous region formed a sparse layer arranged alternately to form a 

complete starch grain. 
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When starch particles are examined under a polarising microscope, polarised crosses 

or Maltese crosses are found, dividing starch particles into four white regions or 

quadrants, a phenomenon known as birefringence (Tester et al., 2004). It means 

there is crystal structure in starch granules, and the starch molecules are arranged 

radially and orderly. Also, one idea is to call its four regional centres the umbilicus, or 

growth centres, from which branching molecules radiate outwards (Tester et al., 

2004). At the same time, microscopic observations of starch grains also reveal ring 

layer fine lines similar to tree rings, also known as ringlets, with different densities. 

These "growth rings" are pronounced in potato starch granules, which are formed by 

layers of concentric shells with different diameters stacked outwards from the 

umbilicus (Tester et al., 2004). From Figure 4, Donald found the growth rings structure 

of starch, and the "tree rings" structure shows the accumulation day and night and the 

cyclical property (Tester et al., 2004). Also, from the research, each growth ring is 

120-400nm thick, and the radial growth of amylopectin in the structure has 16 clusters 

per growth ring (Tester et al., 2004). This model would contain different crystalline 

polymorphs compounds, which includes A-type and B-type. 

  

  

  

Figure 2.3. Diagrammatic representation of the lamellar structure of a starch granule. (A) 

Microchip layers separated by amorphous growth rings. (B) Enlarged view of amorphous and 

crystalline regions (Adapted from Tseter et al., 2004).  
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In short, starch, as a water-insoluble particulate matter, is composed of amylose 

and amylopectin through intermolecular hydrogen bonds and hydrophobic bonds 

(Singla et al., 2020). Many studies have shown that the ratio of amylose to 

amylopectin in starch largely determines the properties of different kinds of starch 

(Ambigaipalan et al., 2014; Bian & Chung, 2016b; Li & Zhu, 2018a; Singla et al., 

2020; Sui et al., 2015). 

  

  

  

2.2 Small granule starch 

  

Different kinds of starch have different molecular sizes, and the size of starch 

particles is an important factor affecting starch's physical and chemical properties 

but also affects the process of starch industry refinement (Lindeboom, Chang & 

Tyler, 2004). However, the structure of starch granules is highly complex, mainly 

natural starch, which mostly comes from plants. In addition to amylose and 

amylopectin, their contribution to crystallisation is different, and the environment 

will affect the shape and size of starch granules in the process of plant growth 

(Buléon et al., 1998). According to this, different kinds of starch particles are not the 

same. Some starch particles' shape is not regular, so generally take the average 

diameter of starch particles to determine the size of starch particles index. 

  

Generally, the average diameter of starch grains is usually between 1-200µm and 

comes from different plants (J.-L. Jane et al., 1994). When starch granules larger 

than 25µm is called large granules, 10-25µm are medium granules, 5-10µm is 

small granules and less than 5µm are very small granules (Lindeboom, Chang & 

Tyler, 2004). The common small granule starch is mainly rice, wheat and oats, 

while there are some potential small starch particles, such as quinoa, amaranth, 

taro, dropwort, grain tef, dasheen, pigweed, cow cockle, canary grass and cattail 
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(Lindeboom, Chang & Tyler, 2004). In this experiment, quinoa, amaranth and taro 

starch were selected as experimental sources of small grain starch, and their 

particle size range is shown in Table 2.2.1. 

  

 

Table 2.2.1. Granule size of selected small granule starch. 

Source Diameter [µm] Reference 

Native Quinoa Starch 0.4-2.0 (Li & Zhu, 2018) 

Native Amaranth Starch 0.5-2.0 (Zhu, 2017) 

Native Taro Starch 2.0-3.0 
(Lindeboom et 

al., 2004) 

  

  

Starch particle size would directly affect the physicochemical properties of starch. 

Lindeboom, Chang and Tyler (2004) found the relationship between the granule 

size and the gelatinisation temperature: some studies show that the gelatinisation 

temperature of small starch particles would be usually lower than that of large 

starch particles; however, there are some special cases: taro starch has a much 

higher gelatinisation temperature than other small starch particles, while the 

gelatinisation temperature of small starch particles with single mode mimicry is 

higher than that of large starch particles. So, in this study, there would be three 

normal types of small granule starch (quinoa, amaranth and taro) which would be 

treated by heat-moisture treatment. Moreover, the difference between small and 

ordinary starch would be compared by analysing physicochemical properties. 

These days, small starch is becoming more and more popular with research 
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development. Due to their small particle size and narrow distribution, small 

particles began to be used in fine printing manufacturing, as a binder in oral active 

substances and as a carrier for cosmetics (Lindeboom, Chang & Tyler, 2004). 

  

Therefore, three kinds of typical small-grain starch were selected in this experiment. 

After HMT modification, the changes in their physical and chemical properties were 

explored, such as particle size, crystal structure, particle morphology, rheological 

properties, gelatinisation properties and swelling ability. Then compared with two 

kinds of common large granule starch, it is very helpful to explore the influence of 

particle size and HMT on starch in the future. As studied by Chen et al. (2018), 

starch plays an irreplaceable role in the food and drug industries, and it is highly 

dependent on the physicochemical properties of starch while being a thickener, 

stabiliser and gelling agent. 

  

  

  

  

2.3 Heat-moisture treatment of starch 

  

Heat-moisture treatment (HMT) is a kind of hydrothermal method. As a common 

treatment method under the combined action of water and heating, starch often 

experiences a transition from dense ordered structure to lose disordered structure 

(Chen et al., 2018). In this process, the structure and properties of starch are often 

changed, and the amplitude of change is affected by the water content, temperature 

and time in the treatment process (Wang et al., 2017). But other studies suggest that 

HMT is a milder method. It can also show that the starch structure would not change, 

but its physicochemical properties were affected (Sarka & Dvoracek, 2017). As a 

method of physical modification, HMT would usually control the water content of 

starch at a low state (generally below 35%) and then heat it for some time at a 
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temperature of 80-140°C (Li et al., 2020). Due to the wide range of treatment 

temperature, water content, and treatment time, a large number of studies on these 

three treatment parameters have been conducted on a large number of different 

starch model systems, such as Jackfruit seed (Kittipongpatana & Kittipongpatana, 

2015), Red Adzuki bean (Gong et al., 2017), brown rice (Bian & Chung, 2016a), 

Cassava (Chatpapamon et al., 2019) and mango seeds (Bharti et al., 2019). In this 

experiment, the results of previous studies were referenced, and a common HMT 

method used by Chung, Liu & Hoover (2008) was referenced, which controls the 

moisture content of starch up to 30% in an airtight container and heat it at 120°C for 1 

hour after being thoroughly mixed with water. The experiment time is shorter and 

easier to control, and the higher water content can change the parameter. Many 

experiments have shown that the amount of wet base will directly affect the 

experimental results. Studies on the modification of HMT controlling the water 

gradient show that, with the increase of the water content in the treatment process, 

the corresponding gelatinisation parameters, swelling force and solubility index all 

increase. Rafiq et al. (2016) found that when starch was modified by HMT, with the 

continuous increase of water content, the changes of various parameters were more 

obvious than those of natural starch, which indicated that water was susceptible 

during HMT modification. Often during the HMT process, excess water and the 

heating process result in gelatinisation of the starch, and the distance between the 

starch chains would be increased (Biliaderis, 2009). Because HMT is conducted 

under sealed conditions, it can not only prevent evaporation of water during heating 

but also monitor water concentration; At the same time, the pressure generated 

during the heating process increases the heat energy, which is then converted into 

kinetic energy by the water molecules, so the method can also control the movement 

of molecules at high temperatures (Schafranski et al., 2021). Wang, Li and Zheng 

(2020) found that HMT can change the surface characteristics and size of starch 

particles by adjusting the parameters and starch source; Starch crystals, helix 

structures and molecular structures can also be altered. Furthermore, they found that 

during this process, a large-scale truncation movement occurs, which transforms the 
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amorphous starch domain from a glassy state to a more flexible state; Moreover, the 

additional reordering of starch chains can be promoted by prolonging the heating time 

or cycle time and increasing the treatment temperature, thus increasing the influence 

of HMT on the physicochemical properties and structure of starch (Wang, Li and 

Zheng, 2020; Wang, Li and Zheng, 2021). This result indicates that the corresponding 

physicochemical property parameters will change significantly with the increased 

HMT treatment time. For example, Deka & Sit (2016) conducted HMT on natural taro 

starch with a large span of various treatment times and found that with increasing 

treatment time, the treated starch showed higher gelatinisation parameters. Therefore, 

it is vital to select appropriate treatment parameters. It is also necessary to 

understand the changes in internal starch structure during HMT treatment to 

reasonably explain the parameter changes. 

  

From Figure 2.3.1, it is clear to see the effect of HMT on starch by observing the 

lamellar structure of starch. When comparing the native starch's crystalline growth 

ring and the Heat-Moisture Treatment starch's crystalline growth ring, it is found the 

change from the Highly ordered chains to partially ordered chains, which means HMT 

would increase the interaction between starch chains, and double helix structure 

would separate; also the broken crystalline region would be rebuilt be rearranged 

(Schafranski et al., 2021). 
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Figure 2.3.1. Structure of native starch granules and after HMT-modified (Schafranski et al., 

2021) 

  

  

Therefore, according to the characteristics of HMT, this method tends to destroy the 

surface of starch particles, which makes the interior of starch particles more 

vulnerable to the action of α-amylase (Gunaratne & Hoover, 2002) and does not 

change the particle morphology (Wang, Li & Zheng, 2021). At the same time, due to 

many defects of natural starch, in addition to being almost insoluble in cold water, 

easy to revive, especially its inert structure, so starch modification becomes 

particularly important. The structure of starch modified by HMT changes, and its 

physical properties, such as swelling power and solubility are affected, so the 

modified starch can be used in broad industrial applications. In addition, compared 

with chemical modification, physical modification is more environmentally friendly and 

safe; In addition, when the HMT method modifies starch, bacterial toxins existing in 
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grain will be inactivated, and bioactive phenolic substances will be released (Wang, Li 

& Zheng, 2021). Also, as well as being a widely applicable and low-cost treatment 

method, HMT also effectively avoids any biochemical issues related to genes or 

chemical additives (Bet et al., 2018). According to this, HMT has broad prospects of 

many advantages. 

   

  

2.4 Gelatinisation 

  

Gelatinisation and rheological properties of starch are two of the most important 

properties determining the direction and scope of starch application. Gelatinisation of 

starch is usually defined structurally as a process from ordered semicrystalline 

particles to an amorphous state, during which the Maltese cross is often lost (Ai & 

Jane, 2015). This Maltese cross pattern observed under polarised light indicates a 

high degree of ordering within starch granules (Greenwood, 1979). The gelatinisation 

process of starch is usually realised under the joint action of water and temperature. 

At the same time, it has been reported that partial plasticisers or alkaline solutions can 

also dissociate the double helix structure of the starch chain, resulting in gelatinisation 

(Ai & Jane, 2015; Nashed et al., 2003; Ragheb et al., 1995). However, most 

gelatinisation reactions are achieved by water and heating, and this study mainly 

focuses on gelatinisation reactions caused by water and heating. In short, 

gelatinisation, which involves hydration and expansion reactions of starch particles, is 

not only a phase transition of starch particles from an ordered state to a disordered 

state but is also affected by whether excess water is involved in the phase transition 

and whether the temperature reaches the gelatinisation range (Oyeyinka & Oyeyinka, 

2018). When starch is heated in water, along with the physicochemical interaction 

between AM and AP, the grain structure of starch tends to undergo glass transition, 

gelatinisation and melting of the amylose-lipid complex (Schirmer et al., 2015). As 

shown in the figure, the state change of starch occurs during heating. 
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Figure 2.4. The state change of starch particles with temperature during heating (Schirmer et al., 

2015) 

  

It can be seen that the gelatinisation reaction of starch usually occurs after the 

initiation of glass transition temperature (Schirmer et al., 2015). The interval of Tg 

(gelatinisation temperature) is similar to that of semicrystalline. The degree of 

gelatinisation results is affected by different proportions of water and starch, and 

different starch has different gelatinisation temperature ranges (Belitz & Grosch, 

2013). At the same time, many factors affect gelatinization. It has been reported that 

sugars, salts and lipids affect gelatinisation (Ai & Jane, 2015). Among them, Beleia et 

al. (1996); Kohyama & Nishinari (1991) found that the presence of monosaccharides 

significantly increased the gelatinisation temperature and gelatinisation enthalpy of 

starch. Therefore, starch from different sources showed different gelatinising 

properties after HMT modification. In this experiment analysed and studied the 

influence of such physical modification on gelatinisation performance by exploring 

HMT under specific parameters applied to starch from different sources. 
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Because the gelatinisation process is affected by many factors and the reaction in the 

heating process is very complex, it is very important to select a reasonable 

measurement and analysis of gelatinisation characteristics. For the determination of 

the gelatinisation temperature of different starch sources, differential scanning 

calorimetry (DSC), polarised light microscopy equipped with a hot table, 

thermomechanical analysis and nuclear magnetic resonance spectroscopy are 

usually used to determine the gelatinisation temperature of starch (Ai & Jane, 2015). 

There is also evidence that specific enzymes (glucoamylase) can measure starch 

gelatinisation and have certain advantages, such as specificity (Ratnayake & Jackson, 

2008). However, the measurement of gelatinisation by digestion of starch by 

glucoamylase has been shown to have a large error, which is attributed to 

contamination by other enzymes (Ratnayake & Jackson, 2008). Therefore, most of 

the gelatinisation degree is measured physically. Among them, DSC, as a method to 

determine the parameters related to gelatinisation and rejuvenation, is widely used 

because it is fast and consumes fewer experimental samples (Ratnayake et al., 2009). 

DSC can not only measure gelatinisation information qualitatively and quantitatively 

but also draw the temperature function with the parameters such as initial temperature 

(To), endothermic peak (Tp), end temperature (Tc) and gelatinisation enthalpy (ΔH) 

obtained (Schafranski et al., 2021; Yu & Christie, 2001). Generally, the gelatinisation 

temperature range of common starch is about 60°C to 80°C, and the gelatinisation 

temperature of type A starch is higher than that of type B starch (Zhu & Xie, 2018). 

Gelatinisation temperatures of different types of starch (type A, type B) as shown in  

Table 2.4.1. The gelatinisation properties of some common starches with different 

crystalline types are listed as determined by differential scanning calorimetry (J. Jane 

et al., 1999). In addition to common type A and B starch, type C starch was also 

displayed. Type A and B starches are primarily found in grains or some tubers, while 

type C is more commonly found in fruits, beans and tubers (Espinosa-Solis et al., 

2011; He & Wei, 2017; Schafranski et al., 2021; Stevenson et al., 2006). There is also 

evidence that C-type starch may exist in traditional Chinese medicine (Xia et al., 

2013). 
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Table 2.4.1. Differential scanning calorimetry was used to determine the gelatinization 

characteristics of common starch with different crystal types (Ai & Jane, 2015). 

Type To (°C) Tp (°C) Tc (°C) 
Range 

(°C) 
ΔH (J/g) 

A-type starch      

Normal maize 64.1 ± 0.2 69.4 ± 0.1 74.9 ± 0.6 10.8 12.3 ± 0.0 

Waxy maize 64.2 ± 0.2 69.2 ± 0.0 74.6 ± 0.4 10.4 15.4 ± 0.0 

du Waxy maize 66.1 ± 0.5 74.2 ± 0.4 80.5 ± 0.2 14.4 15.6 ± 0.2 

Normal rice 70.3 ± 0.2 76.2 ± 0.0 80.2 ± 0.0 9.9 13.2 ± 0.6 

Waxy rice 56.9 ± 0.3 63.2 ± 0.3 70.3 ± 0.7 13.4 15.4 ± 0.2 

Sweet rice 58.6 ± 0.2 64.7 ± 0.0 71.4 ± 0.5 12.8 13.4 ± 0.6 

Wheat 57.1 ± 0.3 61.6 ± 0.2 66.2 ± 0.3 9.1 10.7 ± 0.2 

Barley 56.3 ± 0.0 59.5 ± 0.0 62.9 ± 0.1 6.6 10.0 ± 0.3 

Waxy amaranth 66.7 ± 0.2 70.2 ± 0.2 75.2 ± 0.4 8.5 16.3 ± 0.2 

Cattail millet 67.1 ± 0.0 71.7 ± 0.0 75.6 ± 0.0 8.5 14.4 ± 0.3 

Mung bean 60.0 ± 0.4 65.3 ± 0.4 71.5 ± 0.4 11.5 11.4 ± 0.5 

Chinese taro 67.3 ± 0.1 72.9 ± 0.1 79.8 ± 0.2 12.5 15.0 ± 0.5 

Tapioca 64.3 ± 0.1 68.3 ± 0.2 74.4 ± 0.1 10.1 14.7 ± 0.7 

B-type starch      

ae Waxy maize 71.5 ± 0.2 81.0 ± 1.7 97.2 ± 0.8 25.7 22.0 ± 0.3 

Amylomaize V 71.0 ± 0.4 81.3 ± 0.4 112.6 ± 1.2 41.6 19.5 ± 1.5 

Amylomaize VII 70.6 ± 0.3 N.D. 129.4 ± 2.0 58.8 16.2 ± 0.8 

Potato 58.2 ± 0.1 62.6 ± 0.1 67.7 ± 0.1 9.5 15.8 ± 1.2 

Green leaf canna 59.3 ± 0.3 65.4 ± 0.4 80.3 ± 0.3 21 15.5 ± 0.4 

C-type starch      

Lotus root 60.6 ± 0.0 66.2 ± 0.0 71.1 ± 0.2 10.5 13.5 ± 0.1 

Green banana 68.6 ± 0.2 72.0 ± 0.2 76.1 ± 0.4 7.5 17.2 ± 0.1 

Water chestnut 58.7 ± 0.5 70.1 ± 0.1 82.8 ± 0.2 24.1 13.6 ± 0.5 
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* To, onset temperature; Tp peck temperature; Tc, conclusion temperature; ΔT 

(Tc-To), gelatinization temperature range; ΔH, gelatinization enthalpy. 

  

  

As can be seen from the table, in addition to the high amylose content of B-type starch, 

the rest of the B-type starch pasting temperature is generally lower than that of type-A 

starch, and type-C range of gelatinisation temperature and pasting in the gap between 

them is not great. Moreover, it would show the same result that most natural starch 

gelatinisation temperature ranges from about 60°C to 70°C. 

  

2.5. Starch morphology 

  

Nowadays, various techniques are used to observe starch particles morphologically, 

such as light microscopy, scanning electron microscopy, transmission electron 

microscopy, Coulter counter and laser diffraction (Li & Zhu, 2018a). However, due to 

the low resolution of light microscopy, the details of starch particles cannot be 

observed (Lindeboom et al., 2004). In addition, the Coulter counter cannot accurately 

measure samples with a diameter less than 3mm, and laser diffraction has a 

significant error in determining non-spherical samples (Raeker et al., 1998). Therefore, 

the SEM method, which can be used for rapid determination and more detailed 

characterisation of particle surface and morphology, is more suitable for determining 

starch particle morphology (Chmelik et al., 2001). 

  

Starch from different sources has different morphology, and most tuber and rhizome 

starches exhibit oval shapes (Lindeboom et al., 2004). However, there are also 

circular, polygonal, spherical and even polygonal irregular particles, especially small 

starch particles, which have the characteristics of a very irregular polygon (Das & Sit, 

2021; J.-L. Jane et al., 1994). Among them, quinoa starch, an ordinary small grain 

starch, has a low difference in shape and size between individual grains (Li & Zhu, 
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2017). Individual quinoa starches tend to be polygonal, angular and irregular in shape 

(Li & Zhu, 2018a). Most of the individual amaranth starch grains showed a polygonal 

shape, and only a small amount of amaranth starch showed an oval or round shape 

(Wankhede et al., 1989; Zhu, 2017). At the same time, individual taro starch also 

shows a polygonal shape (Singla et al., 2020). This phenomenon indicates that the 

small starch particles selected in this experiment exhibit similar starch morphology in 

their natural state. In addition, Lindeboom et al. (2004) found that pea granule starch 

presented a disk shape with cuts, while some nut starch was hemispherical. However, 

the morphology of starch often expresses some different starch properties, and there 

is also starch particle size to express starch appearance characteristics. Most natural 

starches have particle sizes in the range of 0.1-10µm mentioned above, and small 

grains tend to be in the range of 0.1µm. However, starch particle size distribution is 

often determined by particle aggregation and the actual size of individual starch 

particles (Lindeboom et al., 2004). At the same time, natural small grain starch often 

has the property of particle aggregation, such as quinoa and amaranth starch (Lorenz, 

1990). However, the modified starch often expressed different particle size 

distributions. A large amount of evidence shows that the size characterisation of small 

grain starch after HMT treatment is often much larger than that of the corresponding 

natural small grain starch (Chin et al., 2011; Namazi et al., 2011). Among them, a 

large number of starch granule aggregations was observed in the SEM results of 

small granule starch after heat-moisture treatment, which also indicated that the 

aggregation characteristics of small granule starch after HMT treatment tended to 

increase. 

  

At the same time, a large amount of evidence shows that the size of starch in the 

natural state is not uniform, its surface is smooth, and there is no obvious crack (Gani 

et al., 2016; J.-L. Jane et al., 1994; Yang et al., 2019). However, HMT modification 

under certain parameters may significantly change particle surface. Many studies 

confirmed this: Fadimu et al. (2018) explored the effect of heat-moisture treatment on 

sweet potato starch; The HMT potato starch studied by Bartz et al. (2017) and the 
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legumes experiment conducted by Xiong et al. (2019) all obtained SEM results of 

various starches after HMT modification, which showed that starch was destroyed. As 

for the cause of starch destruction, F. Zhang et al. (2019) believed it was particle 

rupture and melting caused by high temperature. There is also evidence that the 

amount of water added during the treatment affects the results. Experiments showed 

that the higher the moisture content, the greater the starch damage after treatment (H. 

Liu et al., 2015; Marta et al., 2019). At the same time, as a critical factor affecting the 

effect of HMT modification on starch morphology, when the moisture content is low, 

this physical modification method may not affect the starch particle morphology. Tan 

et al. (2017) found that starch morphology did not change significantly when the 

moisture content was lower than 25%. However, some related studies showed that 

although the moisture content of HMT treatment was high, the starch particles after 

HMT treatment did not show the result of destruction: As jackfruit starch, barley starch, 

sweet potato starch (Schafranski et al., 2021); and oat starch (Ziegler et al., 2018). 

Therefore, the effect of HMT modification on starch morphology is also related to the 

selected starch type. As studied by Wang et al. (2021), the change in particle 

morphology of HMT is influenced by a variety of factors, including the selection of 

water, time, and temperature parameters in the treatment, as well as the plant source 

of starch. 

  

  

2.6 X-ray diffraction analysis 

  

X-ray diffraction analysis (XRD) is a common method to distinguish starches with 

different crystalline structures based on the X-ray scattering of 1-10 nm nanoparticles. 

All natural starches exhibit one of four XRD patterns, including type A, B, C and V 

(Tan et al., 2017). Oyeyinka & Oyeyinka (2018) found that the structural difference 

between type A and type B crystals is the difference in the double helix packing and 

hydration degree of amylopectin between them. The A-type double helix packs more 
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tightly and is less hydrated, while the B-type has more hydrated and double-helical 

cores. Type C is usually a mixture of A+B types (Perez et al., 2011). At the same time, 

the difference between different crystal types is usually based on the diffraction peak 

of the main 2θ in the diffraction pattern. Among them, the A-type diffraction pattern 

often shows peaks at 15.3°, 17.1°, 18.2° and 23.5°, and this type of starch is usually 

cereal or tuber starch (Schafranski et al., 2021). The diffraction Angle of the type B 

X-ray pattern at 2θ shows the maximum value at 5.6°, 14.4°, 17.2°, 22.2° and 24° 

(Nwokocha & Williams, 2011). The peak values of type C were 5.6°, 15.3°, 17.3° and 

23.5°, and the peak values of type V were 12.6°, 13.2°, 19.4° and 20.6° when 

amylose and lipids were crystallised (Schafranski et al., 2021). Numerous studies 

show that the HMT X-ray diffraction diagram of the modified starch could change: type 

B crystallised natural, delicious potatoes after HMT model of the crystal into the 

pattern of A + B (Lee & Moon, 2015); After HMT treatment, the crystal type of Red 

Azuki bean changed from Ca type to A type (Gong et al., 2017). Furthermore, the 

crystal of natural grass pea starch changed from type C to type A after HMT 

modification (Piecyk et al., 2018). At the same time, there is also evidence that the 

diffraction pattern of starch modified by HMT does not change, but it will increase the 

diffraction intensity. The crystal pattern of coconut starch did not change after 

treatment, but the diffraction intensity increased (Lawal, 2005). Moreover, Kaur & 

Singh (2019) found that the peak value of HMT starch would be enhanced at a 

specific 2θ diffraction Angle. 

  

  

2.7 Swelling power 

  

Under a certain water content, starch particles absorb water and expand during 

heating, while starch components leach and dissolve (Zhu & Wang, 2014). At the 

same time, the swelling capacity of starch is one of the important properties of 

observing the rheology of starch particles, which represents the content 
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characteristics of amylopectin in starch particles, and amylose, as an inhibitor and 

diluent, affects the swelling capacity to a certain extent (N. Singh et al., 2003). For the 

characterisation of swelling capacity, swelling power (SP) and water solubility index 

(WSI) are usually used to represent the water retention of starch (Zhu & Xie, 2018). At 

the same time, the swelling capacity of starch is affected by a variety of factors. In 

addition to the aforementioned characteristics of amylose and amylopectin in starch 

particles, Zhu et al. (2011) found that SP and WSI are affected by the source and type 

of starch, and the swelling capacity of different types of starch varies greatly. At the 

same time, the starch of different genotypes also showed significant differences (Zhu 

& Wang, 2014). In addition, the swelling capacity also affects the swelling and 

dissolution mode of starch with temperature, starch particle difference and 

phosphorus content (Abegunde et al., 2013). 

  

A large number of studies have shown that the HMT modified tend to reduce the 

swelling power and solubility of starch, rice starch (Hormdok & Noomhorm, 2007; 

Kong et al., 2015); Corn starch (Chung et al., 2009; Tester & Morrison, 1990); And 

barley starch (Waduge et al., 2006). The reduction of swelling power and solubility of 

natural starch caused by HMT can be attributed to the increase in crystallinity, the 

decrease of hydration, the leaching of amylose, the increase of interaction between 

amylose and amylopectin, and the formation of amylopectin lipid complex (Zavareze 

& Dias, 2011). Although Eerlingen et al. (1997) pointed out that the solubility of starch 

after HMT modification would increase by a small amount, it was found through 

research that the surface of starch particles was crevice caused by HMT modification, 

which resulted in the dissolution of weak structures. 
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2.8 Pasting property 

  

A physical analysis is usually used to explore the changes in starch 

gelatinisation-related parameters during heating, and a rapid visco analyser (RVA) 

can characterise viscosity changes during gelatinisation. This change is due to the 

viscosity change caused by the expansion and macromolecular leaching of starch 

particles in excess water content and temperature change (Schirmer et al., 2015). As 

a rotational viscometer, RVA can not only measure shear resistance during 

temperature changes but also simulate starch heating and cooling systems 

(Schafranski et al., 2021). The drawn RVA curve (Figure 2.8) can characterise starch 

gelatinisation parameters and relative sample gelatinisation characteristics (Schirmer 

et al., 2015). 

  

  

Figure 2.8. RVA viscosity diagram of natural starch. (1) TP, pasting temperature, (2) hydration of 

starch granules, (3) PV, peak viscosity, (4) enzymatic and shear destruction of starch granules, (5) 

HPV, hot paste viscosity, (6) BD, breakdown, (7) final viscosity (FV), and (8) SB, set back 

(Schirmer et al., 2015) 
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From the figure, the RVA curve shows the five stages of the experiment, including 

adding water, heating, maintaining the highest temperature, cooling process and the 

final maintenance stage. The pasting temperature (PT) for judging gelatinization 

characteristics and the maximum viscosity (PV) during the process were also shown 

(Balet et al., 2019). Heating stage in the process of starch granules swell and viscosity 

increases, the amylose from particles precipitate; In the final stage, the phenomenon 

of retrogradation occurs because of the rearrangement of starch (Schafranski et al., 

2021). Also, the HPV means minimum viscosity of the gel during colling stage, the BD 

means the viscosity loss and the difference between the final viscosity and HPV 

would be named by total set back (Li et al., 2016). At the same time Schirmer et al. 

(2015) believe that the parameters obtained by RVA can be widely used in the food 

industry. For example, Tp indicates the beginning of the gelatinisation stage and is 

applied to the production of malt pulp. As an expression of gelatinization strength, PV 

can be applied to the production of sauces. 

  

The image of RVA after HMT modification is quite different from that before treatment. 

The gelatinisation temperature of HMT-modified starch was higher than that of natural 

starch, and the peak viscosity and setback viscosity were lower than the nature starch. 

This not only indicates the optimisation of long- and short-range structure during HMT 

modification but also enhances crystallinity and particle agglomeration and produces 

more molecular cross-linking and in-chain association (Schafranski et al., 2021). In 

short, HMT modification mostly enhanced the thermal stability of natural starch 

(Cherakkathodi et al., 2020). At the same time, the improvement of natural starch 

gelatinisation parameters by HMT is often influenced by the treatment temperature 

and water content during the modification. Rafiq et al. (2016); Sun et al. (2014) found 

that gelatinisation temperature and water content increase, and the peak viscosity is 

inversely proportional to water content. Some studies have also shown that the 

correlation between crystallinity and amorphous regional chains after the HMT 

process leads to a decrease in starch's peak viscosity and setback value (K. Liu et al., 
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2019). Moreover, the type of starch often affects the RVA curve. For example, the 

RVA curve of waxy corn starch after HMT modification has no significant change 

compared to natural waxy corn starch; this result is due to the low content of amylose 

in waxy corn starch (Sui et al., 2015). 

  

2.9 Differential Scanning Calorimetry (DSC) 

  

As a method that can simulate the starch gelatinization process, DSC can measure 

the relevant parameters quantitatively and qualitatively. As endothermic reactions 

often occur during gelatinisation, differential scanning calorimetry can be used to 

monitor the gelatinisation of starch (Zhu, 2019). Natural starches often show different 

DSC results, which are not only affected by the starch source but also by the structure 

of the starch (Ai & Jane, 2015). Plenty of evidence suggests that the HMT 

modification makes natural starch pasting parameters (as the To, Tc, Tp, delta T as 

and ∆H) change. Some research results showed that the treated HMT starch 

exhibited higher To, Tc, Tp and ∆H (Huang et al., 2016; Pinto et al., 2015; Van Hung 

et al., 2017). However, as for the value of gelatinisation enthalpy, the gelatinisation 

enthalpy decreases in most cases. Xie et al. (2019); Chung et al. (2009); Zeng et al. 

(2015) found that the gelatinisation enthalpy of HMT starch decreased significantly 

compared with that of natural starch and speculated that this phenomenon was 

caused by the destruction of the double helix structure of starch in the process of HMT 

treatment. However, the interwinding of amylose and amylopectin increased during 

the modification of most HMT, which promoted the diffusion of starch molecules. This 

often makes starch need more energy and temperature to swell. However, the higher 

swelling temperature may exert pressure on the crystallisation region of starch, thus 

destroying the crystallisation region and increasing the transition temperature 

(Schafranski et al., 2021; Sui et al., 2015). 
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2.9 Gel texture 

  

When water and starch contact, it will penetrate the starch and will not cause 

disturbance of micelles. However, the hydrogen bond structure will break when water 

and heat act together. As a result, water will infiltrate into the micelles, and the 

particles will irreversibly expand, a phenomenon known as gelation (Schafranski et al., 

2021). The starch gel is a solid-liquid system with a continuous network structure; 

starch particles are part of the solid continuous network, and amylose in the 

continuous phase can form a strong gel after cooling (Collado & Corke, 1999). In 

addition, Collado & Corke (1999) also found that hydrogen bonds would be formed 

between free amylose and amylopectin in the gel system. Therefore, amylopectin can 

form a continuous phase in some starch with less amylose content. Therefore, the 

change in starch gel properties caused by HMT may be related to the types of 

continuous phases in the gel (Collado & Corke, 1999). At the same time, Bao et al. 

(2004) found that the texture of gels was significantly correlated with the content of 

characterised amylose, whether in free state, absolute state or compound amylose 

with lipids. Therefore, the change degree of starch gel characteristics on HMT is 

affected by amylose content. For starch gel characterisation, gel strength can usually 

be determined using a texture analyser with "single point" measurements (Ai & Jane, 

2015). Starch modified by HMT often exhibits stronger hardness (Adawiyah et al., 

2017). The change of gel adhesion and cohesion on HMT is often affected by starch 

source and internal structure, and gel texture also affects characteristics to a certain 

extent (Kong et al., 2009). 

  

2.10 Flow property 

  

The shear stress of starch pastes formed from natural starch does not increase 

linearly with the increase in shear rate, which indicates that most natural starch pastes 

are non-Newtonian fluids (Ai & Jane, 2015). At the same time, the flow characteristics 
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are often characterised by exploring the relationship between shear rate and viscosity; 

the power-law and Herschel-Bulkley (H-B) model are often used to express starch 

flow (Kong et al., 2010; Li & Zhu, 2018b). The results of H-B model fitting show the 

consistency coefficient, flow behaviour index and yield stress of starch samples (Li & 

Zhu, 2018b). These fluid parameters not only express the fluid properties of starch, 

but also show the gelatinization properties of starch. The HMT-modified starch paste 

showed different rheological properties from the natural starch: shear thinning 

phenomenon increased (Li & Zhu, 2017). 

  

2.11 Oscillation property 

  

As a common machine for characterising starch gel, a dynamic rheometer can 

continuously measure and analyse its dynamic modulus at various temperatures and 

shear rates (Ai & Jane, 2015). The obtained values of the energy storage modulus, 

loss modulus and loss Angle tangent (Tan δ = G"/G') of starch gels will be recorded, 

and each parameter expresses different properties of starch gels (Biliaderis, 2009). 

Where G' represents the elastic behaviour of starch gel, and G'' represents the 

viscous behaviour of gel. Moreover, the value of tan δ expresses the state of the gel. 

The larger the value, the more liquid the starch gel is, and the harder the gel is 

otherwise (Li & Zhu, 2018b). The gel viscosity expressed by different natural starch 

varies greatly, which is not only affected by the starch source but also by the grain 

structure, particle size, amylose content and amylopectin structure of the same kind of 

starch (Li & Zhu, 2018B; J. Singh et al., 2002; N. Singh et al., 2003; Zhu et al., 2016). 

In general, the energy storage modulus of HTM-modified starch will increase, the loss 

modulus will decrease, and different starches will be affected by HMT treatment in 

different ways (X. Liu et al., 2016; S. Singh et al., 2005). 
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Chapter 3: Materials and methods 

 

3.1 Materials 

 

The quinoa seeds were purchased from Countdown (Auckland, New Zealand). The 

amaranth seeds were collected from the online shop Goodfor (Auckland, New 

Zealand). The fresh taros were collected from green grocery located in Auckland 

South, and the suppliers were from Fiji. Potato and maise starch were purchased from 

the online shop Goodfor (New Zealand). The quinoa and amaranth seeds were 

ground into grain flour by a high-speed blender. The Megazyme total starch content 

kit (Megazyme, Bray, Ireland) was used to analyse the total starch content for each 

starch sample. 

 

3.2 Chemicals 

 

All the chemicals used in the experiments are shown in Table 3.2.1. And all the 

experiments equipment is shown in Table 3.2.2. 

 

Table 3.2.1. Chemicals. 

Chemical Supplier 

Calcium chloride (CaCl2) Sigma-Aldrich, USA 

Ethanol C2H5OH Ecp-Laboratory Reagent 

Hydrogen chloride (HCl)  ECP, Ltd, New Zealand  

Milli-Q water (H2O) Millipore Corporation, USA 

Rice bran oil   Countdown, New Zealand  

Sodium acetate (C2H3NaO2) Sigma-Aldrich, USA 

Sodium acetate (C2H3NaO2) Sigma-Aldrich, USA 

Sodium Dodecyl Sulfate Sigma-Aldrich, USA 

Sodium hydroxide (NaOH)  Sigma-Aldrich, USA 

Sodium metabisulfite (Na2S2O5) Sigma-Aldrich, USA 

Total Starch Assay Kit (AA/AMG) Megazyme International, Ireland  
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Table 3.2.2. Equipment. 

Equipment Model Manufacturer 

Aluminum pan - 

Two dollars shop, 

New Zealand 

Balance   Mettler Toledo XS 205 

Mettler-Toledo Ltd., 

Australia 

Centrifuge   Thermofisher Scientific Sorvall Lynx 4000 Centrifuge 

Thermo Fisher 

Scientific, USA 

Centrifuge   ThermoFisher, HeraeusTM LabofugeTM 400 Centrifuge 

Thermo Fisher 

Scientific, USA  

Differential 

scanning 

calorimeter     Q1000 Series TA Instruments, USA 

Freezer Model 8425 

Sonics & Materials, 

Inc, USA 

Gel Texture 

Analyzer TA–XT plus 

Stable Micro Systems 

Ltd., UK  

Hot plate RCT B S104 IKA Germany  

Oven Model MOV-112P Program Oven 

Sanyo Electric Co, 

Ltd., California 

pH meter Schott Instrument pH Metre, Lab 850 Xylem Inc, Germany 

Pipette Eppendorf 200 μL /1000 μL volume pipette Eppendorf, Germany 

Refrigerator Model SRS 535NW Samsung, Korea 

Rheometer Physica MCR 301 Stressed Controlled Rheometer Anton-Paar, Austria  

Rheometer Physica MCR 302 Stressed Controlled Rheometer Anton-Paar, Austria  

Scanning electron 

microscope HITACHI SU-70 Tokyo, Japan 

Shaking water bath W28, Grant Barrington, England 

Stirring hot plate MR 3001 Magnetic Stirring Hotplate  

Heidolph Instruments 

Gmbh & Co., 

Germany 

UV 

spectrophotometer Spectronic 200 

Thermo Fisher 

Scientific, USA 

Vortex mixer Vortex Mixer VF2  

IKA Laboratory, 

Germany 
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3.3 Starch extraction 

 

3.3.1 Quinoa starch extraction  

 

Quinoa starch was extracted by the method according to Li et al. (2016), and partial 

optimisation was carried out. First, the quinoa seeds were frozen by liquid nitrogen for 

2 minutes and then used the coffee bean grinder pulverise the seeds into flour for 1 

min. Each 100g quinoa powder mixed with 1 L sodium borate buffer (12.5mM, pH 10, 

including 0.5% sodium dodecyl sulfate (SDS) [w/v] and 0.5% Na2S2O5 [w/v]) for 30 

min to remove the lipids and proteins. Then centrifuge the mixed solution containing 

solid seeds under 6000 x g for 10 min and remove the supernatant completely. The 

solid was washed with 1 L of deionised water and repeated the centrifuge step to 

wash the buffer. Because of quinoa starch's characteristics, the residue was 

suspended in 1 L of distilled water and stirred overnight to fully release protein from 

starch granules. Afterwards, the mixed solution passed through four layers of 

cheesecloth and 140 μm nylon mesh. The rest of the suspension was centrifuged six 

times under 6000 x g for 10 min. For each centrifuge, brown proteins would appear at 

the top with distinct layers of starch; there were obvious particulate matter impurities 

at the bottom of the centrifuge bottle, which has a distinct stratification with starch as 

well. After each centrifugation, the upper protein and lower impurities are scraped or 

removed to ensure starch purity. And each centrifugation, 100 g residue was washed 

with 1 L deionised water to make sure to remove the SDS. The remaining starch, after 

six centrifuges, is put into the air-forced oven at 35°C for 48 h. The starch was then 

ground and sieved (250μm nylon mesh) to obtain starch for experimental use. The 

starch was stored in a desiccator. 
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3.3.2 Amaranth starch extraction 

 

The extraction method of amaranth starch is roughly the same as that of quinoa 

starch. The method referred from Zhu (2017) was selected, and some modifications 

were made. Because amaranth starch is very small grain starch, the centrifuge 

parameter was changed to 10000 x g for 10 min. 

 

3.3.3 Taro starch extraction 

 

Taro starch was extracted using the process of Jane et al. (1992); Wang and Wang 

(2004) and with some improvement. Fresh taros were cut into evenly sized pieces 

about 2 to 3 centimetres wide after peeling. Beat the sliced taro with ice for 2 minutes 

in a blender. After that, each 100 g taro (including ice) was stirred with 1 L NaOH 

solution (0.05%) and stirred in the mixture for another two minutes. Afterwards, the 

taro starch slurry was through four layers of cheesecloth, and the ice was added to 

the residue to repeat the mixing and sieving step. The last remaining residue was 

mixed into the remaining buffer with a magnetic stirrer (500 RPM) for 1 hour and 

through cheesecloth again. The residue was recovered by centrifugation at 3000 x 

rpm for 20 min. There would be a brownish red protein layer appears in the upper 

layer, which is clearly separated from the lower starch and completely scraped off the 

upper protein after centrifugation. This step was repeated four times to remove the 

protein utterly. The starch fraction was dried in an air-forced oven at 45°C for 48 h. 

Then starch was ground to powder and sieved into the nylon mesh (250µm). Finally, 

the starch obtained was sealed and stored in a desiccator.      
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3.4 Heat-moisture treatment 

 

Heat-moisture treatment is a common thermal treatment method, and the range of 

temperature and moisture content is wide, so the specific parameters of the 

experiment refer to many methods (Andrade et al., 2014; Bharti et al., 2019; Bian & 

Chung, 2016; Pinto et al., 2015; Singh et al., 2005; Tan et al., 2017) and make 

corresponding changes to them. The starch sample (80 g, dry basis) was weighed 

into a glass container. The weight of the added water (Q) was calculated by equation 

(1), and water was gradually added to the container, making sure that the water and 

starch were thoroughly mixed in the process so that the final starch sample with 30% 

moisture content was obtained. The starch samples were sealed and placed in a 

refrigerator at 4°C for 24 hours. The oven should be preheated to a constant 

temperature of 120°C. Put the prepared starch sample into the oven quickly and keep 

it for 1 hour. Then, after the processed starch sample cooled, the lid was opened and 

dried in an oven at 40°C for 48 hours. Finally, the obtained starch samples were 

ground, sieved (250 μm nylon mesh), and stored in a desiccator. 

 

𝑄 =
(𝑀𝑓 − 𝑀𝑜)

(100 − 𝑀𝑓)
× 𝑤  

                  Equation (1) 

 

Q = Water added, ml 

Mf = Final moisture content, % 

Mo = Initial moisture content, % 

W = Sample weight, g 

 

3.5 Moisture content (MC) 

 

An air oven (Heratherm OMS180, Thermo Scientific CO LTD, Germany) was 

preheated to 120°C before testing, and the aluminium pans were placed in the oven 



 

32 

to dry for at least 15 minutes to make sure the constant weight could be gained. 

Then the pan was weighted (W). 200mg (W0) starch powder was weighed into 

aluminium plates and put in the oven for 24 hours. The weight (W1) of starch and pan 

after drying should be recorded. 

 

𝑀𝐶 =
𝑊1 −  𝑊

𝑊0
× 100% 

                Equation (2) 

 

   

3.6 Total starch 

 

The method of testing the total starch was followed by the AOAC method 996.11 & 

AACC method 76-13.01, as cited in Megazyme (2020). Starch samples were taken 

through a 0.5mm mesh, and 100mg samples were weighed and divided into 

experimental and control groups. For both groups of starch, 10ml of sodium acetate 

buffer swirl for 5s to ensure uniform mixing. In the experimental group, 0.1ml kit of one 

reagent was added, and in the control group, 0.1ml sodium acetate buffer and calcium 

chloride solution were added to vortex 3s. The experimental group and the control 

group were simultaneously transferred to a boiling water bath and heated at a 

constant water temperature of 50 degrees for 15min. Swirl 5 seconds every 5 minutes 

during heating. In the experimental group, 0.1 AMG (bottle 2) was added, and in the 

control group, 0.1ml sodium acetate solution was added, and they were heated in a 

50°C water bath for 30min. After heating and taking out at room temperature for 

10min, 2mL suspension was centrifuged for 5min, 1.0ml supernatant was taken out, 

and 4mL sodium acetate was added. In the experimental group, 0.1ml of GOPOD 

Agent was taken from the control group. 3 ml GOPOD Agent was added to the control 

group and heated in a 50°C water bath for 20min, and the absorbance was measured 

at 510nm. At the same time, add 3mL GOPOD into 0.1ml glucose solution, a total of 

four copies; In the blank group, 0.1ml sodium acetate buffer and calcium chloride 
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were added, as well as 3ml GOPOD agent, two copies in total. 

 

3.7 Protein content 

 

The extracted starch was determined for protein content to ensure the accuracy of the 

experiment. This experiment selected the Kjeldahl method (AOAC, 2000, as cited in 

Sáez-Plaza et al., 2013). Around 0.3g (wet basis) starch was weighted and in 

duplicate. The weighed samples were transferred to the digestion tube, and an empty 

tube was kept as a blank group. After that, about 10g of potassium sulfate was added 

to each experimental sample, and 0.1g of a mixture of titanium dioxide and copper 

sulfate (1:1) was mixed. This process ensures that the two powders are well-mixed. 

After evenly mixing with the sample, 20ml of concentrated sulfuric acid was weighed 

and poured into each digestion tube. The digestion process was performed using a 

speed digester numbered Buchi B-426. The digestion tube with concentrated sulfuric 

acid was successively fixed on the instrument and heated. After heating the sample to 

light green and ensuring that the green colour does not disappear for 10 minutes, the 

instrument is turned off, and the sample is cooled.  

 

In the next stage, a boric acid solution is prepared for titration. Type-1 water is 

selected to prepare 2% boric acid solutions and to reach 60ml equivalents in each 

conical flask. Then ten drops of methyl red indicator were added to the boric acid 

solution to give each conical solution an orange pink colour. Next, the cooled mixed 

sample solution was subjected to Kjeldahl distillation using a distillation apparatus 

(K-350). During this process, NaOH solution was added to the reaction sample, and 

the lower end of the instrument was connected to a preconfigured boric acid solution. 

This process continues until the sample turns blue or brown, and the resulting distilled 

sample is titrated when NaOH solution is added without jolting. A 0.1M solution of HCl 

was used to titrate the blue solution after Kjeldahl distillation, and the volume of HCl 

used to restore the blue to the pink solution was recorded. Finally, the starch samples 
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selected protein content calculated by the following formula: 

 

protein content % =
F×14×(ml of HCl)

sample weight
×

0.1M HCl

1000 ml
× 100         Equation (3) 

 

 

Where ml of HCl=sample reading - blank reading.  

Where F is the conversion factor used. 

 

 

3.8 Pasting analysis 

 

The method of pasting was referenced by Li et al. (2016), and the equipment was 

selected the MCR 301 Rheometer (Anton Paar, GmbH, Ostfildern, Australia). This 

equipment was equipped with a starch cell and ST24-2D probe.  

 

2.0 g starch was mixed with 20 mL deionised water. There were four stages during the 

test. First, the beginning temperature was 50°C, and the sample was kept for 5 min. 

Then the samples were heated to 95°C for 7.5 min and kept at 95°C for 5 min. The 

next step was cooling to 50°C for 7.5 min. Finally, the starch sample was kept at 50°C 

for 2 min. The pasting temperature (PT), peak viscosity (PV), peak temperature (PKT), 

hot paste viscosity (HPV) and cool paste viscosity (CPV) were recorded. The 

remaining parameters breakdown (BD=PV - HPV), setback (SB=CPV - HPV), stability 

ratio (SR=100 x HPV/PV), and setback ratio (BR=CPV/HPV) were calculated. The 

viscosity was shown in Rapid Visco Unit (RVU).    

 

 

3.9 Gel texture analysis 

 

The gel texture analysis was selected by the method from Li and Zhu (2017, as cited 
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in Zhu & Li, 2019). The gels were selected by a 5 mL glass canister after the pasting 

and centrifuged under 1000 x g for 5 min to ensure the top layer of the gel was flat. 

Then the canisters were stored at 4°C for 24 h. The gel texture property of starches 

was measured by a TA-XT plus Texture Analyser (Stable Micro Systems Ltd., Surrey, 

UK) with a 15 mm diameter cylinder probe under Texture Profile Analysis (TPA) mode. 

Each test was compressed to 15 mm depth and set the speed under 0.5 mm/s with a 

0.03 N trigger force. Moreover, hardness (HD), adhesiveness (AD) and cohesiveness 

(CH) were measured. The gumminess (GUM) was equal to HD×CH. The maximum 

force of the probe in the first compression is hardness, the negative area under the 

curve in the first rebound process is adhesiveness, and the final cohesiveness force is 

the ratio of the positive force area in the first compression (Zhu, 2017). 

 

3.10 Flow properties of starch 

 

The method of starch flow analysis was selected by Zhu et al. (2016) and modified. 

Around 0.402 g of starch flour (db) was weighed and mixed with distilled water, 

reaching a wet weight of 6 g in total. On the other hand, ensure that the gel 

concentration after the experiment was 6.7% (w/w). The samples were then 

continuously shaken in a 90°C-water bath for 15-30 minutes to ensure uniform 

heating and then heated in a 90°C constant temperature water bath until 1 hour in 

total. Finally, the MCR 301 Rheometer was selected, and the PP-50 probe was used. 

The heated starch samples gel was transferred to the plate of the machine with a 

dropper to ensure that the gel was even and flat on the surface. Then a few drops of 

rice oil were added to seal the gap between the plate and probe. The flow analysis 

experiment parameter was selected, shearing from 0.1s-1 to 1000s-1 in the first stage 

and changing from 1000s-1 to 0.1s-1 at 25°C. The consistency coefficient (K), flow 

behaviour index (n), coefficient of determination (R2), and yield stress (δ0) were 

recorded during the test. Then the data was calculated by the following equations: 
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δ = K. γn 

Equation (4) 

 

δ = δ0 + K. γn 

Equation (5) 

 

3.11 Oscillation analysis 

 

The starch oscillatory properties were analysed by a method described by Zhu, 

Bertoft, & Li (2016), using a rheometer (Physica MCR 301 Stressed Controlled) with 

the PP-25 probe. Briefly, around 0.22 g to 0.23 g (wb) of starch samples were 

accurately weighted to ensure the starch flour weight could be above 0.2 (db) and put 

into the EP tube. The amount of Milli-Q water (around 750 ml) added was four times 

the dry weight of the powder and mixed well in a vortex. 0.515ml starch suspension 

was transferred to the rheometer instrument plate with a pipette, and a few drops of 

rice oil were removed with a dropper to seal the gap between the probe and the plate. 

Then the experiment parameter amplitude gamma was set to 2%, and the frequency 

was selected at 1 Hz. At the beginning of the test, the sample was equilibrated under 

40°C for 2min and heated up to 95°C at the rate of 2°C/min. Then cooled from 95°C to 

20°C with the same speed rate. At the end of testing, the frequency sweep was 

increased from 0.1 to 40Hz at 25°C and was maintained at 25°C for 5min. The 

storage module (G') and loss module (G") would be recorded. Also, the damping 

factor (tan δ = G''/G') would be obtained. At the same time, the gel obtained after the 

end of the temperature change part of the oscillation experiment was measured by 

frequency sweep. The samples were kept at 25°C for five minutes and then scanned 

at frequencies ranging from 0.1 to 40Hz, with rates ranging from 0.628 to 249.944 

radians/SEC (Li & Zhu, 2018). G 'and G' at 0.1Hz and 40 Hz were recorded. 
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3.12 Thermal analysis 

 

The thermal property of starch was measured due to Li et al. (2016). Briefly, samples 

were tested by a Q1000 Tzero Differential Scanning Calorimeter (DSC) machine (TA 

Instrument, New Castle, USA). Starch flour (3.5mg, db) was weighted into an 

aluminium pan (Φ 5.4 x 2.0 mm) and mixed with 3x w/v Milli-Q water. The water was 

injected by a micropipette and stirred with the tip of a needle to ensure a complete mix. 

Before each sample was tested, the sealed sample should be placed at room 

temperature for 1 h to ensure that the water balance of the tested sample was 

complete. An empty pan which contains air was used as a reference. The range of 

thermal scan was selected from 10°C to 90°C for native starch, and HMT samples 

were chosen over a range of 10°C to 105°C. All the samples were under a heating 

rate of 10°C/min in a nitrogen atmosphere. The starch tested was stored in a 4°C 

refrigerator attached to a crucible tray for four weeks to do the retrogradation analysis 

at the same instrument parameters. The onset temperature (To), peak temperature 

(Tp) and conclusion temperature (Tc) were recorded during thermal transitions of 

each starch sample. The enthalpy of gelatinisation (ΔH) was measured by Universal 

Analysis 2000 software (version 4. 1D, TA Instruments, New Castle, USA) due to the 

area of the endothermic peak. And the range of gelatinisation temperature (ΔT) was 

calculated by Tc and To (ΔT=Tc-To). 

 

3.13 Swelling power (SP) and water solubility index (WSI) 

 

The SP and WSI of the starch sample were using the method according to Li et al. 

(2016) with modification. Starch flour (0.15 g, db) was accurately weighed and added 

into a 15ml centrifuge tube. The tubes were weighed and recorded before adding 

samples. Then each starch sample was mixed with 10 ml Milli-Q water and shaken 

rapidly. After mixing thoroughly, the sample was quickly put in an 85°C water bath for 
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1h. During the first 15 to 20 minutes of the heating process, all the samples were 

swirled to ensure uniform heating until the bottom of the sample gelatinises. After 

thermal treatment, all the tubes were cooled in ice water for 5 minutes and centrifuged 

under 3000 x g for 30 minutes. The sample from the tube was poured into the 

aluminium plate after centrifugation, and the remaining solid was weighted (Ws). The 

aluminium pans were dried in 120°C air-oven for 15 min before the supernatant was 

dropped into them. Moreover, the supernatant in aluminium was put into a 120°C air 

oven for 48h to ensure to dry a constant weight (W1). Finally, the water solubility and 

swelling power were calculated by the following equations: 

 

𝑊𝑆𝐼 =  (
𝑊1

𝑊0
) × 100%  

               Equation (6) 

 

𝑆𝑃 (𝑔/𝑔)  =  
𝑊𝑠

𝑊0 × (1－ 𝑊𝑆𝐼) 
 

Equation (7) 

               

3.14 X-ray diffraction analysis of starch (XRD) 

 

The method of starch crystallinity analysis was followed by an XRD-based method 

from Zhang et al. (2017). A desiccator containing 44 % potassium carbonate (K2CO3) 

was used to balance starch samples. Around 1g to 1.5g (wb) starch sample was 

weighted into a small plastic pan and stored on the top K2CO3 solution for one month. 

The crystallinity of starch was determined using XRD (PANalytical Empyrean X-Ray 

Diffractometer Almelo, The Netherlands). The determination method was according to 

Wang et al. (2016), and some were modified. Using CuK as the radiation source, the 

operating parameters are 40mA and 40KV, and the wavelength parameter is 

0.1540nm. The diffraction angles range from 4° to 40°. 

Then the X-ray diffractometer was used to test the starch crystallinity, and the results 

were calculated by the following equation: 
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Degree of crystallinity(%) = Ac × 100/(𝐴𝑐 +  𝐴𝑎) 

Equation (8) 

Ac: total area of crystalline peak. 

Aa: amorphous of the diffractogram. 

 

3.15 Scanning electron microscopy (SEM) 

 

Treated and untreated starch samples are pasted with black double-sided tape and 

fixed to a metal substrate. The treatment was then performed under vacuum 

conditions using Hitachi E-1045 ion sputtering machine (Tokyo, Japan). Finally, the 

morphology of all starches was observed by Hitachi SU-70 scanning electron 

microscope (SEM) (Tokyo, Japan) at an accelerated potential of 10kV. 

 

 

3.16 Particle size analysis 

 

The particle size analysis method was done according to Li and Zhu (2018), using the 

Mastersizer 2000 particle size analyser (Malvern Instruments, Malvern, UK). Each 

starch sample was taken and mixed with Milli-Q water to prepare a starch suspension 

of a concentration of 10g/kg before the test. Due to small grains of natural starch tend 

to aggregate (Lindeboom et al., 2004), the prepared suspension was placed in an ice 

water bath for ultrasonic treatment for 1 hour. During this time, ice cubes should be 

added to ensure the temperature is not too high to prevent the starch from gelatinising. 

The reason for ultrasonic treatment is to break up the starch before and after 

treatment, especially the small starch so that the particle size of individual starch can 

be accurately measured.Then the suspension was drawn by a dropper and added to 

the dispersion unit of the instrument. This process should be done slowly to ensure 

the proper obscuration factor is between 5% and 10%. Finally, the volume-weighted 
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mean diameter (D [4, 3]), surface-weighted mean diameter (D [3, 2]), and median 

diameter (d (0.5)) will be obtained. 

 

3.17 Statistical analysis 

 

All the experimental data for statistical analysis were performed using Origin software 

(version 8.6, MA, USA: Originlab corp) and SPSS statistical software (IBM SPSS 

Statistics for Window, Version 22.0. Armonk, NY: IBM Corp). The analysis method 

chose the One-way analysis of variance (ANOVA) method. The Tukey method was 

selected for the ANOVA, and the significance level was defined as p<0.05. The image 

was drawn using Origin software. Furthermore, the Highscore Plus (version 4.5. 

Almelo, Netherlands; PANalytical corp) software was selected for the XRD data 

analysis.
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Chapter 4: Result and discussion 

 

 

4.1 Isolation starch 

 

Table 4.1 Moisture content of native starches and HMT starches. 

Sample Moisture Content (%) 

NQ 11.87 ± 0.55 d 

NA 12.23 ± 0.44 d 

NT 14.10 ± 0.27 b 

NP 18.47 ± 0.30 a 

NM 13.26 ± 0.41 c 

HQ 10.58 ± 0.42 ba 

HA 9.42 ± 0.33 ba 

HT 8.16 ± 0.20 b 

HP 10.51 ± 0.05 a 

HM 10.48 ± 0.09 a 

* Results from moisture content distribution NQ, Native Quinoa; NA, Native Amaranth; 

NT, Native Taro; NP, Native Potato; NM, Native Maize; HQ, HMT Quinoa; HA, HMT 

Amaranth; HT, HMT Taro; HP, HMT Potato; HM, HMT Maize. Values in the same 

column with the different letters differ significantly (p < 0.05).  

 

 

The proximal components of three kinds of natural starches were as follows:  

Moisture content: quinoa 11.87 ± 0.55%, amaranth 12.23 ± 0.44%, taro 14.10 ± 0.27%; 

The rest of the component content: Quinoa starch has 90.04 ± 1.11% starch and 

1.31± 0.02 % protein. Amaranth starch has 93.47 ± 0.40% starch and0.37 ± 0.00% 

protein. Taro has 88.30 ± 0.54% starch and 0.37 ± 0.00% protein.  

 



 

42 

Despite these three kinds of small granular starch extraction methods, there is a 

difference. However, compared to the other amaranth isolation data from Roa et al. 

(2014), there would be some differences. Roa et al. (2014) found that the amaranth 

starch extracted by water showed 87.7 ± 0.4% carbohydrate, 5.0% ± 0.1 protein and 

1.5 ± 0.1 % of lipid. In addition, because nowadays, the phenomenon of organic 

products has become popular, Bet et al. (2018) used pure water to wash chemicals to 

extract method of starch and collected 83.18 ± 0.19% carbohydrates; 2.01 ± 0.03% 

protein for amaranth starch. These results may prove that the water extracting starch 

method is feasible.  

 

By comparing the proximal fractions of the extracted starch, it can be found that the 

results shown by the water extraction method and the method of washing with SDS 

solution and water are slightly different. Due to this, using SDS to isolate protein and 

centrifugal with water washing many times can effectively improve the purity of starch. 

The protein content would affect the accuracy of subsequent experiments. Lim et al. 

(1999) found through research that protein molecules in starch can often combine 

strongly with amylose in starch, and the binding mode is mostly through a disulfide 

bond or hydrophobic bond. Therefore, when extracting natural starch, it is necessary 

to ensure that the content of other substances in starch is low to reduce the influence 

on the experimental results. Liu et al. (2015) determined the judgment standard of 

starch low protein content (0.50-1.09%). The natural starch extracted in this 

experiment was within the acceptable range. As Zhu (2017) found, since fibre and 

protein precipitate into a brown layer with starch, it is difficult to extract amaranth 

starch from amaranth seeds and flour, and sodium hydroxide solution is generally 

used by the alkali wet-milling method.    
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4.2 Particle size of starch granules 

 

Table 4.2 Particle size distribution of native starches and HMT starches. 

Sample 

 

D (4, 3) 

(μm) 

D [3, 2] 

(μm) 

D (0.5) 

(μm) 

NQ 2.91 ± 0.02 e 1.72 ± 0.00 d 1.75 ± 0.00 e 

NA 1.83 ± 0.00 d 1.73 ± 0.00 d 1.79 ± 0.00 d 

NT 3.60 ± 0.00 c 2.73 ± 0.00 c 3.39 ± 0.00 c 

NP 42.49 ± 0.05 a 35.67 ± 0.05 a 39.47 ± 0.05 a 

NM 15.14 ± 0.01 b 13.53 ± 0.01 b 14.42 ± 0.00 b 

HQ 84.60 ± 2.55 b 6.27 ± 17.39 c 39.37 ± 0.94 b 

HA 55.99 ± 1.27 c 4.14 ± 0.03 e 15.92 ± 0.65 d 

HT 11.63 ± 0.11 e 5.95 ± 0.02 d 6.75 ± 0.04 e 

HP 87.50 ± 0.75 a 45.57 ± 0.21 a 71.87 ± 0.48 a 

HM 30.38 ± 0.56 d 18.74 ± 0.03 b 21.67 ± 0.04 c 

* Result from particle size distribution NQ: Native Quinoa; NA: Native Amaranth; NT: 

Native Taro; NP: Native Potato; NM: Native Maize; HQ: HMT Quinoa; HA: HMT 

Amaranth; HT: HMT Taro; HP: HMT Potato; HM: HMT Maize.  

*D (4,3), mass moment mean; D (3,2), surface area moment mean; D (0.5), volume 

median diameter; Values in the same column with the different letters differ 

significantly (p < 0.05). 
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Figure 4.2.1. The size distribution of different natural starches. 

 

Figure 4.2.2. The size distribution of different HMT starches. 
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The particle size of starch granules results is shown in Table 4.2. It can be seen from 

table 4.2 that the five natural starches selected had significant differences (p>0.05) 

before and after treatment. For natural quinoa, amaranth and taro starches are typical 

small starch grains, and their particle sizes are less than 5 µm. Especially the native 

amaranth showed the lowest D (4,3) value which was1.83 µm. Lindeboom et al. (2004) 

had the same research results: amaranth granule size tends to be 1 to 2 µm. At the 

same time, potato starch and maize starch, known as large starch, especially potato 

starch, achieved the highest size level, around 42.49 µm for the D (4,3) mass moment 

mean. By comparing D (3,2), another expression parameter of starch particle 

diameter, potato starch still had the largest starch particle diameter, and corn starch's 

grain size was much larger than the three very small starch particles. This 

phenomenon is consistent with the research results of Bet et al. (2018), Schafranski 

et al. (2021), and Shi et al. (2018). Moreover, D (0,5), volume median diameter, 

represents the median size of starch particles, largely reflecting the proportion of 

starch particles in the total particles. This parameter is of great help for the analysis of 

starch particle size after treatment. 

 

To some extent, the difference in starch particle size will affect the treatment results of 

HMT. It can be seen from Table 4.2 that all the small starch grains in the treated starch 

have obvious multiple increases, while the growth degree of potato starch and maize 

starch with large starch grains is much smaller than that of small starch grains. After 

treatment, the value of D (4,3) of very small starch quinoa was increased to 84.60 ± 

2.55 µm, which is as large as HMT potato starch (87.50 ± 0.75 µm). Also, amaranth 

had a similar increase, from 1.83 to 55.99 µm of the D (4,3) value. Comparing the D 

(4,3) value of starch before and after treatment, very small granule starch quinoa and 

amaranth increased significantly, quinoa increased 28 times, and amaranth increased 

around 29 times. Taro, another small granule starch, was around four times larger 

after treatment. This phenomenon suggested that HMT had similar effects on quinoa 

and amaranth starches. Pinto et al. (2015) found that the average particle diameter of 

amaranth starch increased by 320% after HMT treatment with 25% moisture and 
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120°C, 95.2 ± 0.19µm. At the same time, further investigation of SEM results 

showed that starch had apparent aggregation after treatment, so it could be 

concluded that such a large increase of amaranth starch was due to particle 

aggregation caused by HMT (Pinto et al., 2015). In the subsequent SEM results, a 

similar aggregation phenomenon also existed. As shown in the figure, part of starch 

has accumulated to gelatinize, and its structure accumulated from small 

agglomeration. At the same time, there is not only a mutual aggregation of starch 

particles but also damage to the external structure of starch. This phenomenon can 

be seen in the results of SEM later. The Figure 4.2.1 & 4.2.2 show the distribution of 

starch particle size before and after treatment. It also confirmed that the natural starch 

particle size is different. For the starch modified by HMT, quinoa and amaranth starch 

showed two prominent peaks, while taro starch showed no obvious second peak. 

However, large grain starch did not show this phenomenon. The second peak of the 

expression of small starch particles was in a higher particle size range, indicating that 

the small starch particles aggregated after HMT modification, thus making the particle 

size result much larger. 

 

Finally, according to the experimental results, the particle size of HMT-modified starch 

increased significantly compared with that of natural starch. At the same time, when 

comparing the growth range of large particle size and small particle size, it can be 

found that the growing range of large particle starch under hot and humid treatment is 

far less than that of small particle size. In other words, the particle size of small starch 

particles was more obviously modified by HMT. 

 

 

 

 

 

 

 



 

47 

4.3 Scanning electron microscopy (SEM) 

 

The morphological properties of both native starches and HMT starches were used 

through scanning electron microscopy, and the results are illustrated in Figure 4.3. 

And by using different magnifications, the morphology of a single starch granule and 

the arrangement structure of starch granule in space were observed in detail. As 

Lindeboom et al. (2004) found that there are two types of particle size distribution: The 

first is the aggregation of starch particles, as in typical quinoa starch and amaranth 

starch, the small starch particles are clustered together to minimize the surface area; 

another manifestation is the actual distribution of individual starch granules. The SEM 

result (Figure 4.3) can show the particle size distribution of the selected starches from 

these two aspects. 

 

 

(a-1)                              (a-2) 

 

(b-1)                              (b-2) 
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(c-1)                              (c-2) 

 

(d-1)                              (d-2) 

 

(e-1)                              (e-2) 
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(f-1)                               (f-2) 

 

(g-1)                              (g-2) 

 

(h-1)                              (h-2) 
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(i-1)                               (i-2) 

 

 

(j-1)                              (j-2) 

Figure 4.3 SEM of native starches and HMT starches: (a-1&2), Native Quinoa; (b-1&2), Native 

Amaranth; (c-1&2), Native Taro; (d-1&2), Native Potato; (e-1&2), Native Maize; (f-1&2), HMT 

Quinoa; (g-1&2), HMT Amaranth; (h-1&2), HMT Taro; (i-1&2), HMT Potato; (j-1&2), HMT 

Maize. 

 

 

By comparing the SEM images of various starch before and after modification, Figure 

4.3 showed that the small particle starch appeared to have apparent aggregation after 

HMT modification. In contrast, the large particle starch aggregation degree was much 

smaller. This phenomenon would also explain that the particle size of small granule 

starch increased in a large range, while the large granule starch seems to increase in 

a small range. Also, the SEM results showed significant differences in the morphology 

and size of the five natural starches before and after treatment. First, it can be seen 
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from Figure 4.3 that quinoa, amaranth and taro as small grain starch. Their particle 

sizes are not more than 5µm; potato starch was still the largest of the five starches, 

followed by maize starch, so these results were consistent with previous particle size 

results. Although SEM may not accurately reflect the detailed values of the starch 

particles to some extent since most starch particles tend to be irregular, it would 

generally reflect conclusions and values similar to particle size. At the same time, 

further observation of starch particles after HMT treatment, especially small starch 

particles, showed that they have the phenomenon of agglomeration obviously, and 

many large granules are formed in space, which also explains the data in Table 2.2. 

According to the g (1&2) and h (1&2) from Figure 2.2, part of quinoa and amaranth 

starch has accumulated to gelatinization, and its structure accumulated from a small 

agglomeration to a large one after HMT treatment. This would be very similar to the 

result of Das & Sit (2021). Not only do most starch particles gather with each other, 

but also some external starch structures are destroyed. Bet et al. (2018) found that by 

comparing the effects of different HMT parameters on amaranth starch, under the 

condition of high-water content, no matter how long the treatment time is, amaranth 

starch will aggregate under SEM observation. Comparing (b-2) and (g-2) from Figure 

4.3, it can be found that the original natural small grain amaranth starch in the space 

of a small amount of aggregation, to the treatment of the amaranth starch under the 

condition of 30% high water content in many agglomerations. It was also well verified 

that small starch particles would lead to better aggregation under the condition of HMT. 

On the one hand, this may be related to the small size of the natural starch particles, 

which tend to accumulate with each other during treatment due to the relatively high 

moisture content conditions and the similar electrostatic forces between the particles 

(Mohanraj & Chen, 2006). At the same time, Lindeboom et al. (2004) found that small 

starch grains such as quinoa and amaranth could get large spherical particles with a 

diameter of 30-80mm after spray drying. This phenomenon would also be a 

reasonable explanation for the formation of very large spherical particles under the 

heat-moisture treatment because spray drying would also be a method that controls 

the moisture content and temperature. The HMT starch aggregation would be 
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because the coupling of pressure and heat in natural starch converts loose particles 

into compact ones (Watcharatewinkul et al., 2009). On the other hand, the 

approximation of starch during cooling can be affected by the pre-gelatinization 

caused by HMT treatment, and the complex (protein-lipid-starch) can also affect the 

approximation (Pinto et al., 2015). It is often difficult to obtain accurate particle size 

distribution due to the formation of aggregates or the aggregation of small starch 

particles, which is also one of the reasons why SEM cannot accurately express the 

size of starch particles. 

 

Second, the five different natural starches presented different shapes before 

treatment in terms of particle shape and appearance. Most starch granules are 

irregular polygons, and elliptical circles and irregular starch shapes can also be seen 

in SEM images, especially starch with different size particles, whose shapes also 

seem to be different. Further observation of the treated starch particles, it is not 

difficult to see that no matter the particle size, the surface of all starch particles 

appeared to have different degrees of change. The potato starch was slightly 

damaged, while the other four starches were dented. This result was also verified by 

the experiment from Shi et al. (2018) which showed that only breakage was observed 

in potato starch, while relatively large depression was observed in corn and pea 

starch under 25% moisture content and 120°C HMT treatment (Shi et al., 2018). 

Similarly, Yang et al. (2019) found that natural polished rice starch particles with 

different amylose contents were angular, polygonal and without cracks; and after HMT 

modification, starch particles with higher amylose content showed more 

agglomeration and melting on their surfaces due to the amylose-amylopectin 

interaction. Even according to Marta et al. (2019), after HMT physical modification 

(120°C and 1 h) of breadfruit starch with a natural irregular shape and particle size of 

3.0-7.9um, it was found that the physical integrity of starch particles was lost, which 

may be caused by starch gelatinization. This change was conducive to starch 

expansion and particle fusion. Generally, the surface of starch particles treated with 

HMT will be destroyed from slight to complete, and the degree of destruction will be 
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different according to different parameters of HMT and different types of starch 

selected (Dai et al., 2019; Deka & Sit, 2016; Dudu et al., 2019; Lee & Moon, 2015). At 

the same time, Liu et al. (2016) found that there were more deep holes and cracks on 

the surface of corn starch treated with 30% and 35% moisture content than that 

treated with 20% and 25% moisture content, which indicated that water content was 

an important factor affecting the morphological characteristics of starch in the process 

of HMT treatment, and the formation of holes and holes on the surface could be 

attributed to AM and AP chains recombined due to the tight amorphous regions in the 

starch particles so that the holes are formed because of the thermally induced. So, the 

interaction between chains may be the reason why the morphology of most starches 

would change after HMT treatment. However, many studies have shown that HMT 

modification did not significantly change the morphology of starch granules recently 

(Bian & Chung, 2016; Ji et al., 2015; Kittipongpatana & Kittipongpatana, 2015; Ziegler 

et al., 2018). The natural starch selected in these studies, in addition to the typical 

common large grain starch, there is also small grain starch. Both starch particles did 

not change significantly before and after treatment. Therefore, the particle size 

difference does not seem to affect the effect of HMT on the starch surface. 

 

In conclusion, the SEM results before and after the treatment of the five selected 

starches showed that the natural starches had different morphology and size but also 

expressed that the various starches after the treatment were different by HMT 

modification. The aggregation degree of small granule starch seems much larger than 

that of large granule starch. To some extent, it indicated that small starch particles 

were more affected by HMT and more sensitive. However, when comparing the 

changes in starch particle surface after HMT, it was found that the effect of starch 

particle surface seemed to be independent of particle size. 
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4.4 X-ray diffraction（XRD） 

 

The X-ray diffraction patterns of untreated starch and HMT starch are shown in 

Figures 4.4.1-4. The X-ray diffraction patterns of all the starches after treatment did 

not change significantly compared with those before treatment, and the crystal forms 

of the selected starches did not change. 

 

Figure 4.4.1. X-ray diffractograms of Native Quinoa Starch (NQ) and Heat-moisture treatment 

Quinoa Starch (HQ). 
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Figure 4.4.2. X-ray diffractograms of Native Amaranth Starch (NA) and Heat-moisture treatment 

Amaranth Starch (HA). 
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Figure 4.4.3. X-ray diffractograms of Native Taro Starch (NT) and Heat-moisture treatment Taro 

Starch (HT). 
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Figure 4.4.4. X-ray diffractograms of Native Potato Starch (NP) and Heat-moisture treatment 

Potato Starch (HP). 
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Figure 4.4.5. X-ray diffractograms of Native Maize Starch (NM) and Heat-moisture treatment 

Maize Starch (HM). 
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Table 4.4.1. Relative crystallinity of native starches and modified starches. 

Sample Relative Crystallinity (%） 

NQ 22.5 ± 0.8 a 

NA 24.1 ± 0.8 a 

NT 24.2 ± 0.4 a 

NP 19.1 ± 0.2 b 

NM 21.8 ± 1.0 ba 

HQ 21.5 ± 2.3 a 

HA 20.5 ± 1.7 a 

HT 21.3 ± 2.4 a 

HP 22.3 ± 1.5 a 

HM 27.0 ± 1.9 a 

* NQ, Native Quinoa; NA, Native Amaranth; NT, Native Taro; NP, Native Potato; NM, 

Native Maize; HQ, HMT Quinoa; HA, HMT Amaranth; HT, HMT Taro; HP, HMT Potato; 

HM, HMT Maize. Values in the same column with the different letters differ 

significantly (p < 0.05). 

 

 

Due to the principle of XRD, the atoms of the incident beam and the selected starch 

will interact with the electrons; thus, the starch can be distinguished into A, B, C, and 

V types (Purohit et al., 2019; Schafranski et al., 2021). According to Figures 4.4.1, 

4.4.2, 4.4.3 and 4.4.5, the four selected natural starches (quinoa, amaranth, taro and 

corn) all exhibit typical type A starches. The patterns obtained from most grain 

starches and some tuber starches are typical A-type diffraction patterns, and the 

diffraction angles of their X-ray patterns at 2θ show peaks at 15.3°, 17.1°, 18.2° and 

23.5° (Schafranski et al., 2021). Among them, the diffraction patterns of the natural 

and treated starches were mainly reflected at 15°, 17°, 18° and 23° of 2θ, resulting in 

peak intensity. Compared with natural starch, HMT starch had no changes in the 

crystal types of these four kinds of starch. This conclusion is the same as that of 

sweet potato starch treated by Trung et al. (2017) and mango seed starch studied by 
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Bharti, Singh and Saxena (2019). HMT treatment does not change the crystal 

structure of the selected natural starch. Moreover, the X-ray diffraction pattern 

remained unchanged after treatment. However, it can be seen from Figure 4.4.4 that 

the 2θ of the X-ray diffraction pattern of natural potato starch shows maximum 

intensity peaks at (almost equal to) 5.6°, 14.4°, 17.2°, 22.2° and 24°. This 

characteristic fits the typical amylose-rich grain tuber diffraction pattern, also classified 

as a B-pattern diffraction pattern (Schafranski et al., 2021). At the same time, after 

heat-moisture treatment, the X-ray diffraction pattern of potato starch changed, the 

intensity of five peaks decreased to four, and the range of diffraction Angle changed to 

15.3°, 17.1°, 18.2° and 23.5° at 2θ (typical A-type diffraction pattern). These results 

indicated that potato starch's crystal structure changed from B-type to A-type after 

HMT treatment. As Lee and Moon (2015) found after heat-moisture treatment of 

natural waxy potato starch, the XRD image of natural waxy potato starch was a B-type 

diffraction image, which was transformed into a combination of B-type and A-type 

after HMT treatment. Hoover and Vasanthan (1994) changed the crystal form from B 

to A+B type after the heat-moisture treatment of common potato and yam starch. The 

reason for the change of the X-ray diffraction pattern of natural starch caused by HMT 

may be that the water molecules in the starch centre link were dehydrated during the 

heat-moisture treatment, which resulted in the relative movement of the double helix 

structure, which affected the formation of starch microcrystals or changed the 

orientation of the crystal (Gunaratne, 2018; Schafranski et al., 2021). 

 

At the same time, the intensity of diffraction peak was observed, and it was found that 

HMT treatment could reduce the peak intensity of diffraction of some starch. The 2θ 

values of natural quinoa, natural amaranth and natural taro starch in the X-ray 

diffraction pattern were 15.3°, 17.1° and 23.5°, and the X-ray diffraction intensity of 

natural quinoa, natural amaranth and natural taro starch partially increased. The 

diffraction intensity decreases when the 2θ value is 18.2°. The peak strength of HMT 

corn starch did not change significantly except at 18.2°. The enhanced diffraction 

intensity caused by the heat-moisture treatment may be attributed to the formation of 
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new crystals during the heat-moisture treatment or changes in the extent or amount of 

starch crystallization areas (Kaur & Singh, 2019). Kaur and Singh (2019) study found 

that oat starch modification in damp and hot processing, the diffraction peak of 2 theta 

at 15.3° and 17.1° when there has been a marked increase. This phenomenon is 

similar to the experimental results. 

 

It can be found in Table 4.4.1 that the relative crystallinity (RC) of natural starch 

changes in different degrees before and after treatment, among which small grain 

starch and large grain starch show different changing trends. Compared with natural 

quinoa starch, HMT quinoa starch had no significant change in RC value. Compared 

with the untreated starch, the RC values of amaranth starch and taro starch 

decreased significantly (amaranth starch decreased from 24.1 ± 0.8 to 20.5 ± 1.7; taro 

starch decreased from 24.2 ± 0.4 to 21.3 ± 2.4). Park et al. (2018) found that the RC 

value of waxy corn starch after HMT treatment also decreased significantly, especially 

after a long time of HMT, the RC value would decrease significantly. This reason can 

be attributed to the destruction of crystallization during HMT treatment, which further 

limits the accumulation of starch double helix structures (Park et al., 2018). Meanwhile, 

Gunaratne and Hoover (2002) attributed the decrease of crystallinity caused by HMT 

modification to the decrease of semi-crystallinity or the increase of amorphous area. 

However, the reduction of RC value caused by HMT modification also occurred in the 

HMT-treated red bean starch (Wang et al., 2017), cassava starch (Dudu et al., 2019) 

and sweet potato (Huang et al., 2016). The reduction can be attributed to the 

disintegration of the crystallite conformations after the double helix structure. More 

Oyeyinka & Oyeyinka (2018); Pratiwi et al. (2018) believed that in the process of 

heat-moisture treatment, the amorphous region and crystallization region in starch 

increased together, and since the RC value represents the ratio of the area of 

crystallization region to the sum of the total area of the amorphous region and the 

crystallization region in the X-ray diffraction pattern, this lamellar imbalance 

phenomenon led to the decrease of the RC value. In addition, Q. Wang et al. (2021) 

found that after the physical modification of cereal starch by HMT, the partial hydrogen 



 

62 

bonds that maintain starch stability would also decompose, and this structural 

instability may also lead to the reduction of RC value. 

 

However, Table 4.4.1 also shows that the RC value of HMT potato starch increased 

from 19.1 ± 0.2% to 22.3 ± 1.5%, and HMT corn starch increased from 21.8 ± 1.0% to 

27.0 ± 1.9%. Dudu et al. (2019) believed that the increase in RC value of natural 

starch after HMT modification was due to the recrystallization of the small crystalline 

region in natural starch under the influence of hot and humid treatment and the 

improvement of the crystallization region. This result correlates increased RC values 

with moisture and temperature. As for the influence of moisture and temperature on 

the increase of RC value in the process of moisture-heat treatment, K. Liu et al. (2019) 

found that with the continuous increase of moisture content in the modification 

process of natural highland barley starch, the increase of crystallinity of the treated 

highland barley starch would also increase. However, when the level of treated water 

reaches the high-water phase, the oil in the microcrystalline region appears to have 

an obvious disintegration phenomenon (K. Liu et al., 2019). This also shows that 

moisture is a crucial factor affecting RC value. More importantly, regarding the 

increased RC value of the modified lake after HMT, Schafranski et al., 2021 linked this 

phenomenon to the previously mentioned change in the crystal pattern of X-ray 

diffraction patterns caused by HMT. Under the dual factors of water treatment and 

heat treatment, the amorphous amylose in the starch was partially transformed into 

the crystal, which led to the change of crystal shape. However, the increased RC 

indicates that the starch double helix chain moves in the crystal to form a more orderly 

crystallization mechanism. 

 

In conclusion, it can be seen that many studies have shown the changes in the X-ray 

diffraction pattern of starch after HMT treatment, as well as the changes in RC value, 

which are similar to the conclusions in this study. This also proves that the XRD 

results seem unrelated to the size of the natural starch particles and related to the 

parameters in the heat-moisture treatment process and the type of starch. 
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4.5 Pasting properties of starch 

 

In this part, gelatinization performance measured by MCR 301 Rheometer is shown In 

Figure 4.5.1 and Table 4.5.2. Pasting analyses as a critical factor to evaluate the 

properties of different starches, some techniques have been applied, especially the 

RVA analyzer and RVA analysis chart, which can intuitively simulate the shear 

resistance of starches from heating to cooling (Schafranski et al., 2021). The specific 

parameters before and after starch treatment are shown in the table. The results 

showed that the size of starch and the structure of starch might affect the change of 

starch adhesion property after HMT modification. At the same time, starch pasting 

parameters were significantly affected by HMT treatment. 

 

Figure 4.5.1. Pasting properties of native starch samples.  
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Figure 4.5.2. Pasting properties of HMT starch samples.  
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Table 4.5. Pasting properties of starches. 

Sample PT (°C) PV (Pa·s) HPV (Pa·s) CPV (Pa·s) BD (Pa·s) SB (Pa·s) 

NQ 65.80 ± 0.00 c 5.51 ± 0.01 b 3.45 ± 0.07 a 5.52 ± 0.04 a 2.06 ± 0.08 b 2.07 ± 0.11 a 

NA 61.10 ± 0.00 e 2.12 ± 0.00 e 1.11 ± 0.02 e 1.51 ± 0.01 d 1.02 ± 0.02 d 0.41 ± 0.01 c 

NT 78.30 ± 0.00 a 3.65 ± 0.02 c 1.73 ± 0.02 c 3.33 ± 0.04 C 1.94 ± 0.00 c 1.61 ± 0.02 b 

NP 64.30 ± 0.00 d 14.60 ± 0.07 a 2.16 ± 0.02 b 4.14 ± 0.22 b 12.5 ± 0.05 a 1.98 ± 0.20 a 

NM 76.80 ± 0.10 b 2.61 ± 0.01 d 1.59 ± 0.03 d 3.15 ± 0.00 C 1.03 ± 0.02 d 1.56 ± 0.03 b 

HQ 66.60 ± 1.13 b 6.46 ± 0.25 a 6.41 ± 0.24 a 7.93 ± 0.01 b 0.04 ± 0.01 e 1.52 ± 0.25 c 

HA 32.00 ± 1.27 c 2.95 ± 0.03 b 0.94 ± 0.04 d 1.32 ± 0.02 e 2.03 ± 0.01 a 0.38 ± 0.01 d 

HT 81.30 ± 0.00 a 2.86 ± 0.06 b 2.28 ± 0.01 c 4.18 ± 0.06 c 0.63 ± 0.05 b 1.90 ± 0.06 b 

HP 67.40 ± 0.00 b 6.22 ± 0.04 a 6.01 ± 0.00 b 11.7 ± 0.00 a 0.24 ± 0.04 c 5.69 ± 0.00 a 

HM 82.90 ± 0.00 a 1.36 ± 0.03 c 1.20 ± 0.03 d 1.71 ± 0.01 d 0.16 ± 0.00 d 0.51 ± 0.01 d 

*NQ, Native Quinoa; NA, Native Amaranth; NT, Native Taro; NP, Native Potato; NM, Native Maize; HQ, HMT Quinoa; HA, HMT Amaranth; HT, 

HMT Taro; HP, HMT Potato; HM, HMT Maize. PT: peak temperature; PV: peak viscosity; HPV: hot paste viscosity; CPV: cool paste viscosity; BD: 

breakdown; SD: setback viscosity. Values in the same column with the different letters differ significantly (p < 0.05). 

 



 

66 

It could be found that the pasting properties of the five native starches before 

treatment are different, and the size of the particle size seems to influence the pasting 

results of the native starch. As found by (Chandla et al., 2017; Kong et al., 2009), 

changes in amylose content and particle size change the starch gelatinization curve. 

The transformation curves varied with amylose content and particle size. Although 

Lindeboom et al. (2004) found that generally, small granule starch has a smaller 

gelatinization temperature. Comparing the PT of the native starch in table 4.3, it would 

be found that the temperature when the granule of small granule starch is dispersed 

will also be higher, which means it has a higher PT. Compared with large granule 

starch, the PT of natural quinoa and taro starch is higher than that of potato starch; 

the PT of natural taro starch is higher than that of maize starch. This phenomenon 

may be attributed to the enhanced water absorption caused by the low crystallinity of 

some small-granular starches, resulting in more significant swelling. 

 

Among them, in the heating stage in the image, it can be found that the viscosity of 

starch gradually increases with the temperature increase. This phenomenon is due to 

the precipitation of amylose molecules of starch granules from the starch granules, 

and the peak viscosity represents the bulk swelling of the starch granules 

(Schafranski et al., 2021). At the same time, starch swells during the heating stage 

due to water absorption, which is also related to the water swell of starch (Hoover, 

2010). Therefore, the PV value is not only related to the structure of starch granules 

but also related to their water absorption. Moreover, a retrograde phenomenon occurs 

during the cooling phase of the image, when starch molecules recombine, and there 

is a slight trend of increase in viscosity (Balet et al., 2019). Therefore, the effect of 

HMT on starch can be analyzed by different parameters for each stage. 

 

Firstly, the average pasting temperature (PT) of natural quinoa starch is slightly more 

than that of potato starch; meanwhile, the PT of taro starch is higher than maize 

starch, and the average pasting temperature of taro starch is the highest. This result 
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seems to be similar to the study of Deka and Sit (2016). Due to the wide variety of taro, 

the gelatinization performance of different types of taro starch is quite different, 

especially in Figure.3 (Deka & Sit, 2016), the different results can be seen. The 

average pasting temperature of amaranth starch is the lowest among the five 

starches, only 61.1°C. At the same time, the values of PV, thermal past viscosity 

(HPV), CPV, BD and SB of amaranth starch are the smallest among the five natural 

starches, which is related to the characteristics of amaranth starch. According to 

Hoover et al. (1998); Kong et al. (2009); Marcone (2001) studies, since the amylose 

content of natural amaranth starch is only 3%-8%, this will significantly affect the 

thermal properties of amaranth starch. 

 

Table 4.5 shows that the pasting temperature of HMT samples is higher than that of 

native starch, except for amaranth starch. This phenomenon is consistent with the 

results obtained by Chung et al. (2009). At the same time, Liu et al. (2016) also found 

that PT increased with the increase of HMT treatment temperature, and the paste 

temperature also increased significantly by increasing the water content during HMT 

modification. It would be indicated that HMT increased the thermal stability of native 

starch and also restricted starch gelatinization (Liu et al., 2016). This phenomenon will 

also be demonstrated in the following DSC results. By analyzing starches other than 

amaranth and comparing PT, it is found that the pasting temperature of HMT starch is 

higher than that of native starch. Nevertheless, it is found that the small granule starch 

(quinoa and taro) after HMT treatment does not increase as much as the large 

granule starch (potato and maize) for the pasting temperature by comparing the 

increase rate. This result might indicate that the particle size would affect the HMT 

and changes in starch gelatinization properties. Khatun et al. (2019) found that the 

small granular starches tend to leach more amylose and have lower gelatinization 

temperatures. This conclusion can explain the phenomenon shown in the table that 

the gelatinization temperature of amaranth starch decreases with HMT treatment. 

Another reason may be the less amylose content in this natural amaranth starch after 
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HMT treatment, and a higher degree of expansion cannot be expressed. As Hoover 

(2010) found, HMT treatment reduced starch granule swelling and increased amylose 

leaching in some cereal crops. Looking further at the effect of HMT on starch, it can 

be found that the pasting properties of amaranth are exceptional. Except for the PV 

and BD value, other parameters decreased to different degrees after modification. 

This phenomenon also occurs after the HMT treatment of waxy maize starch. No 

matter the treatment temperature and treated time setting, the setback value of the 

modified starch is lower than the natural starch; the other parameters also show that 

the HMT modification has very little influence or almost no influence on the 

gelatinization performance of waxy starch; the reason why is that waxy corn starch 

lacks amylose (Sui et al., 2015). At the same time, the properties of amaranth HMT 

are similar to waxy starch, which is also consistent with the purchased amaranth 

seeds being waxy, and it is proved that the amylose content will affect the influence of 

HMT on the thermal properties of starch. 

 

In the heating stage, in addition to the change of PT, the viscosity is also constantly 

changing with temperature, and the PV is also affected by the HMT treatment. The 

increase in sticking is often due to the increased cross-linking of amylose and 

amylopectin in the amorphous region, resulting in increased stability and heat 

resistance of the starch structure, requiring more heat to destroy the starch resulting 

in gelatinization (Bharti et al., 2019). However, the increase in viscosity is often not 

entirely due to the cross-linking effect of linear amylopectin. During the heating stage 

of RVA, starch granules are processed under conditions of simultaneous action of a 

large amount of water, shear force and high temperature, so there may also be the 

influence of proteins and lipids in starch on it or the swelling between granules. 

Friction also affects starch PT (Bharti et al., 2019; Jane et al., 1999). In this study, with 

the heating, the RVA image presented by the HMT amaranth starch was different from 

the traditional gelatinized paste image. As shown in figure 4.5.2, the viscosity of 

amaranth starch rapidly increases in the initial heating stage. After maintaining 
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equilibrium, it continues to increase to the PV value. The reason for the initial increase 

in viscosity may not be due to water swelling of amaranth starch, but the complex 

phenomenon of protein and surface starch as studied by (Olkku & Rha, 1978), thus 

interfering with the normal exudation of starch granules, which in turn increases the 

viscosity. The growth of the latter stage should probably be the same as that of other 

types of starch, and there is a sharp decline trend after reaching PV, which is similar 

to the change of peak viscosity of rice starch treated by Arns (2015). At the end of the 

heating stage, as well as the temperature maintenance stage, according to Table 4.3, 

it can be found that the PV is greatly affected by the HMT treatment. Among them, 

HMT potato starch decreased from 14.60 ± 0.07 to 6.22 ± 0.04 Pa·s compared with 

natural potato starch, and both HMT corn starch and HMT taro starch decreased 

slightly (corn from 2.61 ± 0.01 to 1.36 ± 0.03 Pa·s; taro 3.65 ± 0.02 to 2.86 ± 0.06 

Pa·s), which is similar to previous results (Arns, 2015; Schafranski et al., 2021), which 

confirm that HMT-modified starch has a reduced peak viscosity compared to native 

starch. However, the PV trends of HMT quinoa starch and amaranth starch differed. 

Compared with natural, HMT amaranth starch increased from 5.51 ± 0.01 to 6.46 ± 

0.25; HMT amaranth increased from 2.12 ± 0.00 to 2.95 ± 0.03. Similar results were 

found in wheat starch made by Y. Liu et al. (2016) and corn starch made by Han & 

Hamaker (2002), both of which were affected by the increase of peak and final 

viscosity by related proteins in the particles.  

 

By comparing other parameters, it can be found that the starch after HMT modification 

is often reduced. Among them, BD and SB decrease after heat treatment. The BD 

value of HMT potato starch decreased significantly from 12.5 ± 0.05 Pa·s to 0.24 ± 

0.04 Pa·s. Except for amaranth starch, other kinds of starch decreased to different 

degrees. At the same time, the SB value of potato starch increased significantly (from 

1.98 ± 0.20 to 5.69 ± 0.00), and other starches decreased to different degrees. The 

decrease of PV, BD and SB of starch after heat treatment is often because the 

amorphous region of starch particles is correlated with the change of crystallinity 
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under the influence of HMT. However, the increase in BD value and almost no 

significant decrease in SB value of amaranth starch may be due to the structure of 

selected amaranth starch. Sui et al. (2015) found that no matter how the HMT 

treatment parameters were controlled, the pulp performance of waxy corn starch 

hardly changed or did not decrease significantly, and the reason was that the waxy 

corn starch structure was caused by the lack of amylose. Therefore, amylose has a 

great influence on HMT modification methods. 

 

Therefore, by exploring natural starch with different particle sizes under HMT 

modification, the treatment results seem unrelated to particle size but closely related 

to starch structure and type. HMT modification often improves the thermal stability 

and gelatinization characteristics of natural starch. 
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4.6 Swelling powder (SP) and water solubility index (WSI) 

 

Due to the different structural forces inside different starches, different starches have 

different swelling and solubility curves (Deka & Sit, 2016a). The swelling power and 

water solubility index of natural starch and HMT starch at 85°C are shown in Table 4.6. 

The results show that HMT treatment of starch can significantly enhance starch's 

water absorption and swelling power. At the same time, the swelling power and 

solubility of different starch are different. 

 

Table 4.6 Swelling power and solubility of different natural starches and HMT starches. 

Sample WSI SP 

NQ 44.9 ± 0.4 c 23.2 ± 0.3 c 

NA 96.2 ± 0.5 a 44.4 ± 6.9 b 

NT 44.0 ± 0.6 c 24.4 ± 0.2 c 

NP 85.2 ± 3.0 b 62.1 ± 2.0 a 

NM 12.7 ± 0.4 d 14.8 ± 0.3 d 

HQ 3.2 ± 0.3 e 11.9 ± 0.8 c 

HA 95.6 ± 0.5 a 26.3 ± 1.4 a 

HT 12.4 ± 0.3 b 15.1 ± 0.3 b 

HP 7.8 ± 0.5 d 14.5 ± 0.9 b 

HM 9.3 ± 0.6 c 9.0 ± 0.2 d 

* NQ, Native Quinoa; NA, Native Amaranth; NT, Native Taro; NP, Native Potato; NM, 

Native Maize; HQ, HMT Quinoa; HA, HMT Amaranth; HT, HMT Taro; HP, HMT Potato; 

HM, HMT Maize. Values in the same column with the different letters differ 

significantly (p < 0.05).  
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As a fundamental physicochemical property of starch, SP and WSI change with 

temperature. They would also be affected by the ratio of amylose to amylopectin, 

molecular weight and distribution, length of amylopectin, and phosphorus content 

(Hoover, 2001; Sujka & Jamroz, 2013). It can be seen from Table 4.6 that the SP and 

WSI of all selected samples decreased to varying degrees after HMT treatment. 

Moreover, for quinoa, taro and potato starches, the starch solubility was more 

pronounced by HMT treatment. Among them, for solubility, quinoa decreased from 

44.9 ± 0.4 to 3.2 ± 0.3; taro decreased from 44.0 ± 0.6 to 12.4 ± 0.3; potato starch 

decreased from 85.2 ± 3.0 to 7.8 ± 0.5. The reduction in amaranth and maize starch 

was slightly lower, in which amaranth starch decreased from 96.2 ± 0.5 to 95.6 ± 0.5, 

which did not seem to change much. This phenomenon also appeared in the research 

from Sui et al. (2015) that after 30% moisture treatment content of the HMT starch. At 

the same time, after the modification of maize starch, it decreased from 12.7 ± 0.4 to 

9.3 ± 0.6, and the decrease was also smaller. By comparing the changes of HMT 

starch swelling power, except for the SP of potato starch, which was greatly reduced 

(from 62.1 ± 2.0 to 14.5 ± 0.9), the swelling power of other HMT starches also 

decreased to some extent. 

 

Kong et al. (2015) pointed out that the degree of change in swelling power and water 

solubility index was affected by moisture content. The decrease in swelling force was 

due to the increase in amylose-amylopectin (AM-AP) interaction and amylose-lipid 

complexes (Kong et al., 2015). These two factors would influence the starch SP and 

WSI. By observing Table 4.6, the swelling power of HMT starch is lower than that of 

native starch, which is consistent with the results from Adebowale & Lawal (2003); 

Das and Sit (2021); Deka & Sit (2016a, 2016b); Gunaratne et al. (2010); Li et al. 

(2011); Sui et al. (2015); Sun et al. (2014). As a characteristic of amylopectin, swelling 

behaviour is determined by the chain length distribution and pattern of amylopectin 

and the molecular weight of amylopectin. As the temperature increases, gelatinization 

begins, and amylose and amylopectin will change from precipitation in starch 
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granules (Sui et al., 2015). Therefore, the swelling power of starch modified by HMT 

decreased obviously. At the same time, comparing the decreasing trend of starch with 

different particle sizes, it could be found that the particle size of granule has no 

obvious effect on the swelling power of starch modified by HMT, just as in the 

conclusion of the pasting experiment, the gelatinization performance of starch 

modified by HMT is the main factor. The influencing factors are the content and 

function of different types of starch, its amylose, and amylopectin. Hoover and Manuel 

(1996) found that HMT modification results in cross-linking in the non-crystalline 

regions of starch. Some researchers were given a further explanation of the swelling 

behaviour of the starch structure. The reduction in swelling behaviour is due to the 

interaction between starch chains during HMT treatment, and the partial double helix 

structure will dissociate (Hoover & Manuel, 1996). Moreover, some studies have 

shown that the force that maintains the integration of starch granules is generally 

concentrated on the double helix structure, and the double helix is often unwound 

under the modification of HMT, so the stability and swelling force of the structure will 

be weakened (Cooke & Gidley, 1992; Varatharajan et al., 2011). For further analysis, 

Sui et al. (2015) found that the interaction of AM-AP chains and AP-AP chains 

enhances the mobility of linear chains and reduces hydrated hydroxyl groups. More 

studies have found that under the action of physical modification, a part of amylose 

will be assembled in the branched network structure, directly affecting amylopectin's 

water retention capacity (Das and Sit, 2021). So, the swelling power will decrease. In 

summary, tuber starch crystallization is disrupted under HMT modification of native 

starch; increased crystallinity; amylose-lipid interactions; AM-AM and AP-AP 

interactions; and B-to-A conversion form and B (polymorphic form), which lead to 

reduced swelling power and precipitation of amylose (Hoover, 2001). The above 

reasons may be why the HMT modification reduces the swelling power and solubility 

of the particles. The WSI of amaranth starch did not seem to be affected by HMT 

modification. At the same time, other starches decreased significantly, mainly potato 

starch. The WSI decreased from 85.2 ± 3.0 to 7.8 ± 0.5. The decrease in solubility, in 
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addition to the reasons mentioned above, Liu et al. (2016) pointed out that in addition 

to the strong bonds formed between AP molecules, both the novel crystallites and 

AM-lipid complexes formed during HMT treatment reduced the solubility. Although 

some studies have pointed out that starch after HMT treatment seems to have a slight 

increase in its solubility, there is not much evidence to support the reason. Deka and 

Sit (2016b) attributed the increase in starch solubility to autoclave Starch granules are 

weathered; Li et al. (2011) speculated that HMT modification might cause weak 

structure on the starch surface and lead to the expansion of the internal gap of starch, 

resulting in a decrease in solubility. Most cases are due to the apparent differences in 

the structure of different starches. At the same time, the decrease of SP value also 

indicated that HMT made the thermal stability of starch higher. They are greatly 

affected by the HMT treatment parameters, but the overall trend is, as Table shows, 

the solubility and swelling power of HMT starch compared with native starch both 

decreased the trend. And the degree of decline was independent of particle size. 
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4.7 Gel texture analysis native starches and HMT starches 

 

The results of gel structural properties of different natural starch and HMT starch are 

shown in Table 4.7. Compared with natural starch, the structure and property 

parameters of HMT starch gel texture have different changes and are affected by the 

type of starch. However, the results did not show the effect of particle size on Gel 

texture property. 

 

Table 4.7 Gel textural properties of native starches and HMT starches 

Sample Hardness (g) Adhesiveness (g·s) Cohesiveness GUM (g) 

NQ 16.00 ± 0.45 c -169.74 ± 9.68 c 0.64 ± 0.00 a 10.23 ± 0.22 c 

NA 2.47 ± 0.00 d -22.88 ± 0.74 a 0.61 ± 0.01 b 1.51 ± 0.02 d 

NT 17.37 ± 0.91 c -115.87 ± 1.55 b 0.64 ± 0.01 a 11.17 ± 0.69 c 

NP 54.17 ± 0.97 b -321.74 ± 8.00 e 0.6 ± 0.01 b 32.25 ± 0.53 a 

NM 66.43 ± 1.45 a -210.28 ± 11.92 d 0.38 ± 0.02 c 25.29 ± 1.04 b 

HQ 9.04 ± 0.59 c -85.89 ± 2.33 b 0.62 ± 0.01 a 5.59 ± 0.31 c 

HA 2.83 ± 0.04 d -28.53 ± 1.33 a 0.59 ± 0.01 b 1.67 ± 0.04 d 

HT 15.82 ± 1.07 b -130.10 ± 0.19 c 0.55 ± 0.01 c 8.67 ± 0.47 b 

HP 58.76 ± 3.86 a -321.21 ± 17.03 d 0.46 ± 0.00 d 26.93 ± 1.75 a 

HM 59.19 ± 1.35 a -304.61 ± 17.26 d 0.45 ± 0.01 d 26.68 ± 1.36 a 

* NQ, Native Quinoa; NA, Native Amaranth; NT, Native Taro; NP, Native Potato; NM, 

Native Maize; HQ, HMT Quinoa; HA, HMT Amaranth; HT, HMT Taro; HP, HMT Potato; 

HM, HMT Maize. Values in the same column with the different letters differ 

significantly (p < 0.05).  
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In Table 4.7, the gel texture properties of different natural starches showed significant 

differences. Among them, the hardness (2.47 ± 0.00) and adhesiveness (-22.88 ± 

0.74) of natural amaranth starch were far lower than those of other kinds of starch. 

Natural corn starch has the highest hardness (66.43 ± 1.45), and natural potato starch 

has the highest adhesiveness (absolute value 321.74 ± 8.00). For gumminess, there 

are significant differences among the five natural starches (p < 0.05). The Gumminess 

value of natural amaranth starch was the lowest, which was 1.51 ± 0.02 g. the value 

of natural potato starch could be reached at 32.25 ± 0.53 g. These gel characteristics 

largely reflect the characteristics of food. Meanwhile, by comparing the gel 

characteristics of HMT starch, it can be found that different natural starches have 

different gel characteristics. 

 

Firstly, the degree of amylose crystallization directly affects starch degradation, and 

the degradation phenomenon determines the hardness (Yu et al., 2012). It can be 

seen from Table 4.7 that the hardness of quinoa, taro and corn starch after HMT 

modification all decreased to different degrees. These results are consistent with 

Ariyantoro et al. (2022); Singh et al. (2005). The hardness of starch often depends on 

its structure of starch. Yu et al. (2009) found that the higher the amylose content and 

the longer the amylopectin chain, the higher the starch gel hardness would be. At the 

same time, Aaliya et al. (2021) pointed out that the hardness was determined by the 

hydrogen bonding between starch molecules and water, and the increase in starch 

viscosity caused by HMT modification was due to the cross-linking between 

intermolecular and intramolecular bonding which caused by physical modification. 

The increase of hardness can directly affect the enhancement of starch gel structure 

and prevent gel compression and rupture. However, according to Table 4.7, the 

hardness of HMT amaranth starch increased from 2.47 ± 0.00 g to 2.83 ± 0.04 g, 

while potato starch increased from 54.17 ± 0.97 g to 58.76 ± 3.86 g. The results 

indicated that amaranth and potato starch treated with HMT were more likely to 

retrograde and gel texture would be harden. This phenomenon was also confirmed in 
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the experiment by Adawiyah et al. (2017), in which HMT starch gel was more rigid 

than natural starch. Therefore, this may indirectly reflect the phenomenon that the 

amylose content in amaranth starch is low. It also indirectly proves that the influence 

of its straight chain branching content on pasting and swelling power is because of the 

low straight chain content. 

 

Meanwhile, starch gel adhesion is the energy needed to overcome the attraction 

between starch gel and the gel contact surface; it is expressed through the negative 

force area in the TPA diagram (Aaliya et al., 2021). Therefore, based on the absolute 

value of adhesiveness (AD) in Table 4.7, it was found that natural potato starch had 

the highest AD value (321.74 ± 8.00 g·s), while amaranth starch had the lowest AD 

(22.88 ± 0.74 g·s). At the same time, it was found that the changing trend of starch AD 

under HMT modification seemed to be related to the type of starch. The AD of HMT 

quinoa starch decreased significantly (from 169.74 ± 9.68 g·s to 85.89 ± 2.33 g·s), 

while potato starch did not change (from 321.74 ± 8.0 g·s to 321.21 ± 17.03 g·s). 

However, other starches had different degrees of growth. Compared with natural 

starches, the adhesiveness of HMT amaranth starch increased slightly (from 22.88 ± 

0.74 g·s to 28.53 ± 1.33 g·s), and both HMT taro starch and HMT corn starch 

increased significantly. Especially, the adhesiveness of HMT corn starch increased 

from 210.28 ± 11.92 g·s to 304.61 ± 17.26 g·s. Zhu (2017) pointed out that the 

influencing factors of AD value are similar to HD, both of which are related to the 

amylose content of starch. Furthermore, the less the content of amylose and lipid 

complex, the more amylose may form an elastic gel (Zhu, 2017). So that amylose 

content will significantly affect AD values.  

 

Cohesiveness (CoH) determines the internal bond strength of the starch gel and 

shows the gel's bonding capacity (Aaliya et al., 2021). Among the natural starches, 

quinoa and taro starch had the highest CoH (0.64 ± 0.00), while corn starch had the 

lowest CoH (0.38 ± 0.02). By observing the cohesiveness of HMT starch, the 
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changing trend of cohesiveness was different from that of HD and AD. Only the CoH 

of maize starch showed a slight increase (from 0.38 ± 0.02 to 0.45 ± 0.01); the other 

four starches showed a small decrease. At the same time, the difference between 

HMT potato starch and HMT maize starch after treatment was low. In addition, 

according to Table 4.7, by comparing the starch after HMT modification with the 

natural starch before treatment, the viscosity of the other three kinds of starch 

decreased to different degrees, except that amaranth starch had a slight increase and 

maize starch seemed to have no change. The GUM values of HMT potato starch 

(26.93 ± 1.75) and HMT maize starch (26.68 ± 1.36 g) were similar, but the GUM 

values of three kinds of small grain starch were significantly different (quinoa starch, 

amaranth & taro starch; p < 0.05). As shown in the study, the gel properties of starch 

are greatly affected by the properties of starch (Zhu, 2017). At the same time, Kong et 

al. (2009) found that the gel properties of starch were somewhat related to the 

gelatinization properties of starch. Gelatinization parameters except BD were 

positively correlated with starch hardness, and the smaller the AD value of different 

types of starch, the larger the gelatinization parameters might be (Kong et al., 2009). 

However, by comparing Table 4.7 and Table 4.5, no significant correlation was found 

between starch granule gelatinization parameters and gel characteristics, which was 

the same as a result made by Li et al. (2016). At the same time, Li et al. (2016) also 

found that although the gelatinization characteristics of starch particles were 

unrelated to gelatinization parameters, the flour gels corresponding to starch showed 

a certain correlation with gelatinization characteristics due to the influence of other 

substances and the factors of low starch content. 

 

Finally, the gel mechanical properties of starch are affected by the degradation of 

amylose content and amylopectin (Vandeputte et al., 2003; Yu et al., 2009). It is also 

affected by the rheology of proteins and lipids, as well as the interaction between the 

dispersed phase and the continuous phase of the gel (Li et al., 2016; Yu et al., 2012). 

Moreover, this study found that starch particle size did not seem to affect the gel 
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properties of HMT starch. 

 

 

4.8 Thermal properties 

 

According to the gelatinization characteristics of the five natural starches before and 

after treatment, as shown in Table 4.8.1 and Table 4.8.2, it can be found that the 

thermal parameters of the five natural starches before treatment are significantly 

different. At the same time, HMT treatment significantly affected starch gelatinization 

characteristics, and all thermal parameters of different varieties of HMT starch had 

apparent changes. At the same time, the gelatinization characteristics of the five 

starch samples after modification were also significantly different. 

 

 

Table 4.8.1. Gelatinization property of native starches.  

Sample 

 

 

TO  

(℃) 

TP 

 (℃) 

TC  

(℃) 

ΔT  

(℃) 

ΔH  

(J/g) 

NQ 55.14 ± 0.73 e 63.78 ± 0.14 d 73.41 ± 0.72 c 18.28 ± 1.45 a 11.58 ± 0.11 d 

NA 56.79 ± 0.19 d 63.3 ± 0.43 d 73.30 ± 0.78 c 16.51 ± 0.59 a 12.54 ± 0.49 cd 

NT 73.27 ± 0.04 a 76.77 ± 0.06 a 86.42 ± 0.01 a 13.15 ± 0.03 b 15.85 ± 0.78 b 

NP 62.10 ± 0.20 c 66.30 ± 0.20 c 74.60 ± 0.50 c 12.50 ± 0.70 b 17.10 ± 0.50 a 

NM 71.00 ± 0.10 b 74.30 ± 0.00 b 79.80 ± 0.10 b 8.80 ± 0.00 c 13.40 ± 0.20 c 

*To, onset temperature; Tp peck temperature; Tc, conclusion temperature; ΔT (Tc-To), 

gelatinization temperature range; ΔH, gelatinization enthalpy. NQ, Native Quinoa; NA, 
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Native Amaranth; NT, Native Taro; NP, Native Potato; NM, Native Maize. Values in the 

same column with the different letters differ significantly (p < 0.05).
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Table 4.8.2. Gelatinization property of HMT starches. 

*To, onset temperature; Tp peck temperature; Tc, conclusion temperature; ΔT (Tc-To), gelatinization temperature range; ΔH, gelatinization 

enthalpy. HQ, HMT Quinoa; HA, HMT Amaranth; HT, HMT Taro; HP, HMT Potato; HM, HMT Maize. Values in the same column with the different 

letters differ significantly (p < 0.05). 

 

Peak 1 Peak 2 

Sample 

 

TO  

(℃) 

TP 

 (℃) 

TC  

(℃) 

ΔT  

(℃) 

ΔH  

(J/g) 

TO  

(℃) 

TP 

 (℃) 

TC  

(℃) 

ΔT  

(℃) 

ΔH  

(J/g) 

HQ 57.96 ± 0.04 d 67.37 ± 1.11 d 81.2 ± 2.31 ba 23.24 ± 2.35 a 3.44 ± 0.00 c - - - - - 

HA 61.16 ± 1.34 c 70.07 ± 0.86 c 86.5 ± 4.91 a 25.35 ± 3.57 a 4.59 ± 0.53 b - - - - - 

HT 74.99 ± 0.11 a 77.69 ± 0.10 a 82.05 ± 0.21 ba 7.06 ± 0.10 b 0.98 ± 0.08 d 83.25 ± 0.10 a 85.57 ± 0.01 a 87.77 ± 0.10 b 4.52 ± 0.00 c 0.29 ± 0.04 b 

HP 44.26 ± 0.75 e 61.51 ± 0.02 a 70.93 ± 1.71 c 26.67 ± 2.46 a 5.70 ± 0.14 a 75.87 ± 0.44 c 85.33 ± 0.08 a 93.86 ± 0.44 a 17.99 ± 0.00 a 1.22 ± 0.10 a 

HM 71.61 ± 0.12 b 74.33 ± 0.16 b 78.46 ± 0.49 b 6.85 ± 0.37 b 0.82 ± 0.08 d 81.42 ± 0.25 b 84.70 ± 0.21 b 87.63 ± 0.20 b 6.22 ± 0.05 b 1.38 ± 0.11 a 
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First, it can be obtained from Table 4.8.1 that the natural quinoa starch has the lowest 

gelatinization temperature (To), which is 55.14 ± 0.73°C, while the natural taro starch, 

which is also a small-granular starch, has the highest gelatinization temperature (To = 

73.27 ± 0.04°C). Among them, the thermal characteristics of natural quinoa starch 

are similar to those of natural amaranth starch. The thermal parameters, including 

gelatinization temperature, gelatinization range and gelatinization enthalpy change of 

gelatinization starch, are very close, similar to Wang et al. (2015); Zhu et al. (2017) 

obtained roughly the same results. The relative thermal parameters of these two 

natural starches are lower than those of other natural starches, and as found by 

Abugoch (2009), the ΔH of natural quinoa starch and amaranth starch gels are lower 

than that of natural corn starch. 

 

At the same time, the thermal parameters are greatly affected by the starch structure. 

Kong et al. (2009), Marcone (2001), Stevenson et al. (2005), and Tattiyakul et al. 

(2007) found that the chain length distribution and average chain length of 

amylopectin can affect the starch thermal parameters. Meanwhile, Demeke et al. 

(1999); Stevenson et al. (2005) found that the content of amylose also affects the 

values of To, Tp and Tc. Therefore, the natural taro starch has the highest To (73.27 ± 

0.04°C), Tp (76.77 ± 0.06°C) and Tc (86.42 ± 0.01°C), which indicates that the 

selected taro starch may have the highest amylose content, and the average 

amylopectin The chain length is also longer than the other starches chosen. This also 

proves that Kong et al. (2009) did research on the thermal properties of many different 

types of amaranth starch; the higher the amylose content and the longer the average 

chain length of the branched chain will increase the thermal properties and 

gelatinizing viscosity of the starch. Regarding the phenomenon of different To, Tp and 

Tc of different starches, Hoover & Ratnayake (2000); Vandeputte et al. (2003) also 

found that lipid complex amylose is one of the influencing factors. Therefore, 

according to the research of Deka and Sit (2016), the structure and gelatinization 

properties of different taro types are very different due to a large number of taro types. 
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It can also be obtained from table 4.8.1 that the thermal properties of selected taro 

starch and other starches are significantly different and appear to be independent of 

particle size. From table 4.8.1, comparing the ΔH of different types of natural starch 

selected, it can be obtained that the ΔH of natural potato starch is the largest (17.10 ± 

0.50 J/g), and the natural quinoa starch is the smallest (11.58 ± 0.11 J/g). The ΔH of 

starch expresses the loss of the double helix structure of starch (Cooke & Gidley, 

1992). According to the conclusion of Chung et al. (2009), the A chains of 6-12 in the 

natural starch structure with a small ΔH account for the ratio is higher, and the shorter 

A-type chain prevents it from forming a stable double helix. Therefore, the ΔH of 

quinoa starch and amaranth starch shown in Table 4.8.1 is smaller than that of other 

selected natural starches because of the chain pattern of quinoa starch and amaranth 

starch, which also explains the reason for the particular pasting property of amaranth 

starch. 

 

When exploring the effect of HMT modification on starch, it can be obtained from 

Table 4.8.2 that compared with native starch, HMT starch has apparent differences in 

gelatinization properties. Especially the heat-moisture treatment taro, potato, and 

maize starch obtained from the DSC results showed two peaks, which were very 

special. For quinoa starch and amaranth starch, after HMT modification, the To, Tp, Tc, 

and ΔT of starch increased to different degrees, while ΔH decreased. This result is 

consistent with many studies that the To, Tc and Tp value increased significantly 

under HMT treatment (Huang et al., 2016; Sui et al., 2015; Xia et al., 2016). Moreover, 

Chen et al. (2017) found that by increasing the HMT treatment time, explored with the 

continuous increase of the HMT time, the To of starch will be transferred to a higher 

temperature. Moreover, that seems to be that the weak crystals in the starch are 

destroyed during HMT processing, making the starch form more perfect crystals 

(Chen et al., 2017). At the same time, Huang et al. (2016) conducted a study on 

starch forming more stable crystals in the process of HMT; and the results showed 

that with the progress of HMT treatment, the direct connection between starch chains 
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and the strengthening of chemical bonds within particles would lead to the continuous 

increase of To, Tc and Tp. And the association tends to get stronger over time (Huang 

et al., 2016). At the same time, due to the wide range of HMT treatment parameters 

and the large differences between different starches, that sweet potato starch treated 

with HMT showed higher gelatinization parameters, among which To, Tc, Tp, ΔT and 

ΔH all increased, and the reason for the increase of ΔH was attributed to the 

formation of large crystals caused by a high proportion of long-chain branched 

structures (Na et al., 2020). For the reasons for the change in gelatinization properties 

(To, Tp and Tc increase) of HMT starch compared to native starch, Schafranski et al. 

(2021) concluded that a new surface formed on the starch surface during heat 

treatment first layer will limit the penetration of water in starch granules, thus delaying 

the occurrence of swelling; at the same time, a more ordered crystalline structure will 

be formed under HMT modification, resulting in an increase in the gelatinization 

temperature (To, Tp & Tc); and because HMT is a kind of A physical modification 

method processed at high temperature, where the vapour pressure of the heating 

process causes gelatinization, phase separation of amylose and amylopectin, and 

shrinkage reactions of particulate matter. 

 

Moreover, it can be found from Table 4.8.2 that the DSC gelatinization characteristic 

curve of native taro, potato and maize starch after HMT modification has a second 

peak. By analyzing it, another set of gelatinization parameters (To, Tp, Tc, ΔT and ΔH) 

was obtained. This phenomenon also appeared in the study conducted by Andrade et 

al. (2014) in the HMT physical modification of organic cassava starch (controlled 

moisture content of 10%, 20% and 30%, 120°C, for one-hour treatment), the DSC 

results showed that in addition to the main peak, another peak was displayed in the 

higher temperature range. And as the moisture content of the HMT treatment 

parameter is much higher, the second peak range is further back. That is, it appears in 

the higher temperature range. To explore the reason, Takaya et al. (2000) found that 

after HMT treatment of natural corn starch, the main peak of gelatinization was found 
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at about 67.8°C, and the second peak formed at 90.8°C was because of the 

decomposition of the amylose-lipid complex; it was also found that the first and 

second gelatinization peaks shifted to higher temperatures with increasing treatment 

temperature. And the peak width of cornstarch increased gradually under the 

increasing HMT treatment temperature (Takaya et al., 2000). Anderson et al. (2002) 

found that after the HMT treatment of wheat starch, DSC also showed a bimodal 

phenomenon, and the unimodal phase showed the difference in starch's heat 

absorption during the bimodal heating phase was probably due to some specific 

starch weights. Crystallization, or the formation of new crystals, in some cases, the 

starch granules may also lead to the formation of double peaks due to the perfection 

of small crystalline regions. Miyazaki & Morita (2005) also found the existence of the 

second peak for corn starch and its derivatives. Moisture heat treatment induces the 

appearance of new crystallites in the amorphous regions. Compared with native 

starch, To, Tp and Tc in the second peak of HMT taro, HMT potato and HMT maize 

starch were significantly increased. And the same as HMT quinoa and amaranth 

starch, its enthalpy value has a decreasing trend compared with the corresponding 

natural starch. 

 

By comparing the thermal properties of HMT starch and natural starch, the thermal 

stability of treated starch was significantly increased, and the growing range and 

characteristics were determined by the type of starch. It seems that particle size is not 

a factor affecting HMT results. The HMT physical modification method not only 

promotes the mutual entanglement of amylose and amylopectin through 

intramolecular (or intermolecular) connection, promotes the intermolecular diffusion, 

and makes the swelling temperature higher, but also leads to the destruction of the 

crystallization domain (Schafranski et al., 2021). The increasing swelling temperature 

and crystallization domain destruction are interrelated (Schafranski et al., 2021). 

Therefore, based on this property, HMT, as a method that changes according to actual 

requirements, tends to increase the starch temperature range, increase gelatinization 
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temperature and increase starch stability (Zavareze & Dias, 2011).  

 

4.9 Flow properties  

 

This section shows the flow properties of native and HMT starch. The MCR 301 

Rheometer and PP-50 mentioned in Chapter 3 were used for the experimental 

instruments, and the Herschel-Bulkley model fitted the experimental data. Because 

the Herschel-Bulkley rheological model can not only fit the flow curve between shear 

stress and a shear rate of the selected starch well but also has a high coefficient of 

determination R2 (0.977-0.999) (Liao et al., 2019). The yield stress (σ0), consistency 

coefficient (K), flow behaviour index (n) and determination coefficient (R2) in flow 

curves of each sample, including natural starch and HMT starch, were obtained from 

the fitted data (Tables 4.9.1 & 4.9.2). At the same time, the final results of the flow 

curves of each sample were described and drawn, and the changes in starch fluidity 

before and after HMT treatment were explored (Figure 4.9.1-4.9.4). The experimental 

data shows that the selected starch's flow properties are greatly affected by the type 

of starch, and the flow properties of different kinds of starch are different. At the same 

time, the effect of HMT physical modification on starch flow properties was different, 

but the overall effect was changed. 
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Table 4.9.1. Fitting parameters of Herschel-Bulkley model for flow curves of native and modified 

starches pastes (upward). 

Upward 

Sample σ0 (Pa) K (Pa s n) n R2 

NQ 89.8 ± 18.38 a 22.62 ± 5.8 c 0.38 ± 0.03 b 0.999 

NA 3.75 ± 1.18 c 8.11 ± 0.34 d 0.51 ± 0.00 a 0.999 

NT 40.99 ± 2.81 cb 39.64 ± 2.72 b 0.39 ± 0.01 b 0.999 

NP 19.16 ± 9.49 cb 148.5 ± 0.43 a 0.39 ± 0.01 b 0.998 

NM 59.49 ± 10.11 ba 5.16 ± 1.55 d 0.53 ± 0.02 a 0.977 

HQ 1.5 ± 2.26 c 13.43 ± 0.73 b 0.42 ± 0 b 0.9999 

HA 4.07 ± 0.15 c 5.81 ± 0.62 c 0.55 ± 0.02 a 0.99897 

HT 19.48 ± 0.85 b 14.47 ± 1.16 b 0.52 ± 0.01 a 0.99797 

HP 46.14 ± 6.52 a 33.71 ± 2.07 a 0.43 ± 0.00 b 0.99952 

HM 4.17 ± 0.68 c 2.45 ± 0.18 c 0.51 ± 0.00 a 0.97652 

* σ0, yield stress; K, consistency coefficient; n, flow behaviour index; R2 coefficient of 

determination; NQ, Native Quinoa; NA, Native Amaranth; NT, Native Taro; NP, Native 

Potato; NM, Native Maize; HQ, HMT Quinoa; HA, HMT Amaranth; HT, HMT Taro; HP, 

HMT Potato; HM, HMT Maize. Values in the same column with the different letters 

differ significantly (p < 0.05).  

 

Table 4.9.2. Fitting parameters of Herschel-Bulkley model for flow curves of native and modified 

starches pastes (downward). 

Downward 

Sample σ0 (Pa) K (Pa-s n) n R2 

NQ 26.97 ± 0.36 a 15.03 ± 0.40 b 0.45 ± 0.00 cb 1.000  

NA 6.3 ± 0.12 c 10.52 ± 0.32 b 0.47 ± 0.00 b 1.000  

NT 15.36 ± 0.25 b 7.22 ± 0.03 b 0.62 ± 0.00 a 0.999  

NP 31.17 ± 2.05 a 41.71 ± 4.11 a 0.48 ± 0.01 b 1.000  

NM 28.13 ± 3.71 a 12.04 ± 2.77 b 0.42 ± 0.02 c 0.996  

HQ 1.96 ± 0.92 b 8.63 ± 0.93 b 0.48 ± 0.01 c 1.000  

HA 1.96 ± 0.34 b 9.69 ± 0.06 b 0.47 ± 0.00 c 1.000  

HT 8.59 ± 0.10 a 8.68 ± 0.14 b 0.58 ± 0.00 a 1.000  

HP 5.33 ± 1.85 ba 40.71 ± 0.5 a 0.42 ± 0.01 d 1.000  

HM 3.21 ± 0.39 c 2.28 ± 0.17 c 0.52 ± 0.00 b 0.999  

* σ0, yield stress; K, consistency coefficient; n, flow behaviour index; R2 coefficient of  

determination; NQ, Native Quinoa; NA, Native Amaranth; NT, Native Taro; NP, Native 
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Potato; NM, Native Maize; HQ, HMT Quinoa; HA, HMT Amaranth; HT, HMT Taro; HP, 

HMT Potato; HM, HMT Maize. Values in the same column with the different letters 

differ significantly (p < 0.05).  

 

 

 

Figure 4.9.1. Upward flow curves of native starches. 
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Figure 4.9.2. Upward flow curves of HMT starches. 
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Figure 4.9.3. Downward flow curves of native starches. 
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Figure 4.9.4. Downward flow curves of HMT starches. 

 

In this study, whether natural starch or HMT modified starch, according to the 

description of the upward and downward shear process in Figure (4.9.1-4), it can be 

found that there is a nonlinear trend between shear stress and shear rate, and both of 

them exhibit non-Newtonian fluid characteristics. At the same time, the selected 

starch showed an increase in shear stress with an increasing shear rate before and 

after treatment. Hoover and Vasanthan (1994) came to the same conclusion by 

studying the gelatinized starch fluidity of natural wheat starch, oat starch, lentil starch 

and potato starch, all of which showed non-Newtonian shear thinning. For the natural 

starch, the natural potato starch showed the highest shear stress during the rising 

shear stage. Followed by taro starch and quinoa starch; at the same shear rate, 

natural amaranth and corn starch showed very similar shear stresses, and the five 

selected natural starches were the smallest. In the descending stage, it can be seen 

from Figure 4.9.3 that the shear stress of natural potato starch is much larger than 

that of the remaining four kinds of starch under the same shear rate. At the same time, 
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taro starch was larger than quinoa starch, and the flow curves of amaranth and corn 

starch were almost identical, indicating that the flow stress of natural amaranth and 

corn starch had the same trend of changing with shear rate. At the same time, it can 

be seen from the descending stage in Figure 4.9.2 & 4.9.4 that the flow curve 

gradually shifted from the process when the peak shear rate decreased to zero. Bao 

et al. (2011) believed that in the descending stage, the curve shifted from the 

approximate Newton fluid curve to the pseudoplastic fluid curve because amylopectin 

formed a stable network structure under the influence of shear force. Therefore, the 

change in the rheological curve in descending stage may be related to the change in 

amylopectin content. Comparing Figure 4.9.2 & 4.9.4, The effect of the HMT physical 

modification method on five kinds of natural starch can be obtained. The shear 

stresses of the five kinds of HMT starch were compared with the corresponding 

natural starch, and the corresponding shear stresses of HMT starch were lower than 

those of natural starch at the same shear rate, no matter in the ascending stage or the 

descending stage. This phenomenon is related to Hoover (2010); Liao et al. (2019) 

showed consistent results. In particular, the shear stress of starch modified by HMT 

with high moisture content would be significantly reduced. This result may be due to 

the intermolecular weakening in the selected starch paste, which was partially 

gelatinized under high moisture content (Liao et al., 2019). At the same time, potato 

starch still expressed the highest degree of shear stress, but the flow curve expressed 

by the remaining four kinds of starch changed somewhat. The flow curves of quinoa 

starch and amaranth starch after treatment were similar. Compared with the natural 

starch, the treated corn starch still had the smallest shear stress among the five kinds 

of starch (at the same shear rate), and the growth trend was lower than that of the 

natural corn starch. The descending process was similar to the ascending stage. 

Compared with the natural starch, the treated starch showed different shear stresses, 

but it still showed the characteristics of the pseudoplastic fluid. 

 

Furthermore, a series of fluid property parameters were obtained by fitting the data 
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with the Herschel-Bulkley model. It can be seen from Table 4.9.1 that the fluid 

property parameters of different natural starches are quite different. In the ascending 

stage of natural starch, σ0 of quinoa starch was the highest (89.8 ± 18.38 Pa), while 

amaranth starch was the lowest (3.75 ± 1.18 Pa). The shear index (n) was corn 

starch > amaranth starch > taro starch > potato starch = quinoa starch, where the 

natural potato and taro starch at the end of the fitting showed the same shear index, 

indicating that they showed the same tendency to shear thinning. The n value of both 

natural starch and HMT starch was less than 1. This indicated that all starch paste 

samples showed pseudoplastic fluid behaviour. Where n less than 1 indicates shear 

thinning of the slurry system (Liao et al., 2019). Maize starch and amaranth starch 

have similar n values, and quinoa starch and taro starch have similar n values. Similar 

n values for different starches indicate that the expansion degree of the 

corresponding starch particles is almost the same (Hoover & Vasanthan, 1994). At the 

same time, Pearson's correlation coefficient should be considered when studying the 

difference in the n value of different starches according to the study (Y. Wang et al., 

2018), and the n value is affected by starch composition. Among them, increasing 

amylose content in starch will increase the trend of starch thinning, whereas 

increasing amylopectin content will decrease this trend (Y. Wang et al., 2018). 

Therefore, the selected starch n value is affected by the internal structure of starch, 

which may also explain the higher n value of natural amaranth starch than other 

starches because of the higher amylopectin content in amaranth starch. This result is 

also consistent with the results of the previous sections. For the consistency index (K) 

of natural starch, the K value of natural potato starch was the highest (148.5 ± 0.43 

Pa-Sn), followed by natural taro starch and quinoa starch, and there was no significant 

difference between them. The smallest K was natural corn starch (5.16 ± 1.55 Pa-Sn), 

similar to amaranth starch, with a K value of 8.11 ± 0.34 Pa-Sn. The K value can 

express the viscosity of the corresponding starch paste in this fitting model (Zhou et 

al., 2017). For the characteristics of natural starch K value, Hoover and Vasanthan 

(1994) analyzed the correlation between flow property and swelling property of 
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various starches. They obtained that the contact degree between expanding particles 

would affect the K value after starch gelatinization and starch slurry (Hoover & 

Vasanthan, 1994). Moreover, the higher the value of K not only shows that the 

obtained starch paste has a more solid tendency but also indicates that the 

corresponding starch has higher amylose content. By observing Table 4.9.2, it can be 

seen that various parameters have changed to different degrees during the descent 

stage. Regarding the n value, taro starch had the largest value (0.62 ± 0.00), while the 

remaining starch had little difference and corn starch had the smallest value (0.42 ± 

0.02). For the K value, the selected starch size was natural potato starch > quinoa > 

corn > amaranth > taro starch in order. The shear thinning process of starch paste in 

the selected starch was determined to have experienced rising and falling stages. The 

shear thinning in the second stage was the decrease in shear rate, and the properties 

of starch paste were greatly affected by the results of starch. (Feng et al., 2010) 

Except for the formation of the reticular structure of amylopectin during this period 

(Bao et al., 2011), its rheological parameters may be affected by short-term starch 

regeneration. Feng et al. (2010) found that short-term regeneration of amylose would 

produce gelation and crystallization formation, which greatly affected the viscosity and 

thixotropy of starch paste. For all kinds of natural starches, except amaranth starch, 

the rheological parameters of the other starches were significantly different in the 

upward and downward processes, and this variation trend indicated that the gel of the 

starch was not stable to shear force. At the same time, Zhu, Bertoft and Li (2016) 

found that the larger the particle size of natural starch, the higher the value of σ0 and 

K might be. It may be because there will be a residue of large particles after starch 

with large particle size forms paste, and the residue of large particles will lead to the 

higher shear resistance of the corresponding natural starch (Zhu, Bertoft & Li, 2016). 

This also well explains the curve change in potato starch's upward and downward 

shearing process in this experiment and the phenomenon that some parameters 

represent the largest. 
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By comparing Tables 4.4.1 and 4.4.2, it can be found that the parameters of starch 

physically modified by HMT have changed. In the rising stage, concerning the change 

of n value, except for HMT corn starch, which has a small decrease compared with 

natural starch, the other four starches all showed an upward trend. Especially HMT 

taro starch and HMT potato starch, HMT taro increased from 0.39 ± 0.01 to 0.52 ± 

0.01, HMT potato starch increased from 0.39 ± 0.01 to 0.43 ± 0.00. The closer n is to 

1, the closer the corresponding starch paste is Newtonian fluid (Hoover & Vasanthan, 

1994), so the increase of the n value of some starch after HMT modification shows 

that this method promotes the transformation of starch from pseudoplastic fluid to 

Newtonian fluid, and also shows that the shear thinning tendency of starch is affected 

by increased by HMT. Liao et al. (2019) explored the rheological parameters of HMT 

sweet potato starch under different processing parameters and found that HMT 

samples of all experimental groups showed a higher shear thinning tendency than 

natural samples, and the n of HMT starch was higher; the results of this study are the 

same as the results of this experiment, and the reasons are more specifically explored. 

One possibility is that due to the short-term retrogradation, the high tendency of 

amylose makes the amylose paste and pre-agglomeration in the paste sample. 

Micellar clusters increased (Liao et al., 2019; Y. Wang et al., 2018). This starch 

modified by HMT has more particles in the starch slurry, leading to a higher degree of 

reorientation during the shearing process (Chen et al., 2017). Therefore, most 

starches modified by HMT show a higher degree of reorientation and high shear 

thinning tendency. However, it can be found from Table 4.9.1 that the n value of 

cornstarch after physical modification by HMT decreases. The weaker shearing 

tendency of corn starch after HMT treatment is similar to the findings of Bao et al. 

(2011). The reason for this phenomenon may be caused by the lower inherent 

viscosity of corn starch. The next step is to compare the K value affected by HMT. It 

can be found that in the process of the rising stage, the K value of HMT starch has 

decreased to varying degrees compared with the corresponding native starch. Among 

them, HMT potato starch showed the largest decline (from 148.5 ± 0.43 to 33.71 ± 
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2.07), while HMT amaranth starch and HMT maize starch showed similar declines 

(HMT amaranth starch: from 8.11 ± 0.34 to 5.81 ± 0.62; HMT cornstarch: decreased 

from 5.16 ± 1.55 to 2.45 ± 0.18). After physical modification by HMT, the K value of 

potato starch was still the highest, while corn starch was still the lowest. However, 

Liao et al. (2019) found that HMT may increase the K value of starch and correlated 

this phenomenon with the higher solid tendency caused by HMT. However, since only 

some starch samples expressed similar phenomena, this view may be based on the 

influence of the starch source. Hoover (2010) found that after several starch 

treatments, only the oat starch treated with HMT showed an increase, while the rest of 

the wheat, lentil and potato starches all significantly decreased K value under the 

influence of HMT. The decrease in K value is because granular starch is affected by 

HMT; its degree of swelling and leaching of amylose is reduced (Hoover, 2010; 

Hoover & Vasanthan, n.d.). It might also explain the decrease of the K value of 

different types of starch in this experiment, and the decrease range is also different 

due to the different structures of different starches. By comparing the σ0 in the upward 

stage, except that the potato starch increased from 19.16 ± 9.49 Pa to 46.14 ± 6.52 

Pa, and the amaranth starch hardly changed, the σ0 of the other starches decreased 

after treatment. At the same time, further comparison found that both σ0 and K values 

showed a downward trend during the downward stage. In particular, the σ0 value 

dropped significantly after HMT. At the same time, by comparing the σ0 value, the K 

value and the n value are affected by HMT, and it is found that there are differences in 

their changes. The rheological parameters are affected by many factors. The 

rheological parameters of starch paste affected by HMT are affected by the change of 

particle volume, which changes the resistance of the particles to cope with the 

deformation during the gelatinization process, thus affecting the rheological 

parameters. At the same time, Li and Zhu (2017) found that the different rheological 

parameters are affected by many factors, such as non-starch other substances, 

molecular structure and genetic variation. 
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Finally, due to the numerous factors affecting the rheological properties of starch and 

particle size, it is also affected by other substances in the starch or starch structure. 

Therefore, the rheological parameters of five different starches cannot be directly 

determined by particle size or rheological parameters. At the same time, by 

comparing the rheological properties of starch modified by HMT, it can be concluded 

that the modification of HMT can generally lead to increased shear thinning and 

decreased consistency index. The changes in different trends may be affected by the 

structure and properties of the corresponding starch. 
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4.10 Oscillation of starch 

 

In this part, the oscillatory properties of the selected starch samples were measured 

by the MCR 301 Rheometer with a PP-25 probe, as mentioned in the previous section. 

The energy storage modulus (G') and loss modulus (G'') of the selected starch before 

and after treatment were obtained from the experimental data under different 

parameters. In addition, the data results are plotted to obtain the influence of 

temperature change and frequency change on G' and G'' (Figures 4.10.1 to Figure 

4.10.4). Different kinds of starch can be obtained through the image, showing different 

dynamic rheological properties. According to the temperature changes during the 

oscillation experiment, the oscillation curve can be divided into upward and downward 

temperature curves. For the record and analysis of the change of oscillation 

parameters under the temperature change, they are drawn in Tables 4.10.1 & 4.10.2. 

The experimental data are plotted for the influence of frequency variation on 

oscillation parameters. 

 

4.10.1. Temperature sweep test 

 

The 20% w/w concentration of natural starch and processing after the suspension 

heating and cooling process (40°C to 90°C, and then 90°C to 25°C), G' and G'' 

change curve drawn into an image (Figure 4.10.1.1-4). It can be found that the 

temperature dependence of G' and G'' of different natural starches are pretty different, 

and the G' and G'' of HMT-modified starches have changed significantly. At the same 

time, all the data obtained from the experimental results were recorded, including the 

maximum value of G' and G'' in the heating stage, the corresponding temperature 

when the maximum value was reached, and the maximum value of the damping 

factor (Tan) and the corresponding temperature when the damping factor reached the 

maximum value. The temperature scanning parameters of natural starch and HMT 
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starch were plotted in table 4.10.1. The values of G' and G'' were obtained at the 

beginning of cooling (90°C) and the end of cooling (25°C), and the corresponding 

damping factor (tan δ Max) at the end of cooling was recorded. The recorded data 

were used to plot the temperature scan parameter tables (4.10.2) for natural starch 

and HMT starch during the cooling process. 

 

 

 

 

 

Figure 4.10.1.1. The change of G' of different varieties of native starch during heating. 

 

 



 

100 

 

Figure 4.10.1.2. The change of G'' of different varieties of native starch during heating. 

 

Figure 4.10.1.3. The change of G' of different varieties of HMT starch during heating. 
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Figure 4.10.1.4. The change of G'' of different varieties of HMT starch during heating. 

 



 

102 

 

 

Figure 4.10.1.5. The change of G' of different varieties of native starch during cooling. 
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Figure 4.10.1.6. The change of G'' of different varieties of native starch during cooling. 
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Figure 4.10.1.7. The change of G' of different varieties of HMT starch during cooling. 
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Figure 4.10.1.8. The change of G'' of different varieties of HMT starch during cooling. 
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Table 4.10.1. Temperature sweep parameters of native starches and HMT starches (heating stage). 

 

Heating 

Sample code TG′max G′max TG″max G″max Ttan δmax tan δmax 

NQ 67.10 ± 0.42 b 6465 ± 49.50 a 64.30 ± 0.00 c 383.00 ± 5.66 dc 54.45 ± 0.35 b 0.38 ± 0.01 b 

NA 57.25 ± 5.02 c 375 ± 9.90 d 60.80 ± 0.00 e 88.05 ± 2.05 d 49.70 ± 0.71 b 0.43 ± 0.02 b 

NT 77.40 ± 0.00 a 2235 ± 120.21 c 77.15 ± 0.35 a 309.50 ± 23.33 b 60.55 ± 2.47 a 0.96 ± 0.01 a 

NP 64.30 ± 0.00 cb 2715 ± 21.21 b 62.80 ± 0.00 d 764.50 ± 12.02 cb 58.80 ± 0.00 a 0.95 ± 0.03 a 

NM 76.40 ± 0.00 a 6625 ± 21.21 a 74.40 ± 0.00 b 1105.00 ± 7.07 a 71.90 ± 0.71 a 0.93 ± 0.04 a 

HQ 71.15 ± 1.06 d 10145 ± 219.20 a 65.30 ± 0.71 d 708.50 ± 16.26 a 55.95 ± 1.06 c 0.22 ± 0.00 c 

HA 40.50 ± 0.00 e 2415 ± 120.21 d 40.50 ± 0.00 e 388.50 ± 7.78 b 47.40 ± 1.84 d 0.12 ± 0.00 d 

HT 80.75 ± 0.35 b 3835 ± 7.07 c 78.45 ± 1.48 b 510.50 ± 51.62 a 55.50 ± 2.55 a 0.72 ± 0.00 a 

HP 76.40 ± 0.00 c 9665 ± 445.48 a 71.65 ± 0.35 c 1500.00 ± 84.85 a 57.50 ± 0.42 b 0.40 ± 0.00 b 

HM 85.00 ± 0.00 a 6940 ± 169.71 b 82.50 ± 0.00 a 743.50 ± 20.51 a 58.80 ± 0.71 a 0.73 ± 0.00 a 

*NQ, Native Quinoa; NA, Native Amaranth; NT, Native Taro; NP, Native Potato; NM, Native Maize; HQ, HMT Quinoa; HA, HMT Amaranth; HT, 

HMT Taro; HP, HMT Potato; HM, HMT Maize. Values in the same column with the different letters differ significantly (p < 0.05).
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Table 4.10.2. Temperature sweep parameters of native starches and HMT starches (cooling stage). 

 

*NQ, Native Quinoa; NA, Native Amaranth; NT, Native Taro; NP, Native Potato; NM, Native Maize; HQ, HMT Quinoa; HA, HMT Amaranth; HT, 

HMT Taro; HP, HMT Potato; HM, HMT Maize. Values in the same column with the different letters differ significantly (p < 0.05).

Cooling 

Sample 

Code 
G'90 G''90 G'25 G''25 tan δ25 

NQ 2290 ± 7.07 b 158 ± 1.41 c 5140 ± 28.28 b 116.50 ± 0.71 c 0.02267 ± 0.0000 d 

NA 72.60 ± 3.32 e 28.5 ± 0.85 e 87.50 ± 4.24 d 44.35 ± 1.77 d 0.50696 ± 0.0044 a 

NT 736 ± 33.23 d 114 ± 7.07 d 871.50 ± 10.61 dc 128.50 ± 2.12 c 0.14744 ± 0.0006 b 

NP 1140 ± 0.00 c 189 ± 1.41 b 1690 ± 14.14 c 203.50 ± 4.95 b 0.12041 ± 0.0019 c 

NM 3610 ± 21.21 a 225 ± 2.83 a 11800 ± 707.11 a 316.00 ± 9.90 a 0.0268 ± 0.0008 d 

HQ 5280 ± 84.85 b 250 ± 9.90 c 7980 ± 339.41 c 159.50 ± 4.95 c 0.01999 ± 0.0002 e 

HA 89.50 ± 2.26 d 26.75 ± 0.49 d 87.40 ± 3.68 e 36.85 ± 1.48 d 0.42164 ± 0.0007 a 

HT 1590 ± 7.07 c 197.5 ± 2.12 c 2195 ± 35.36 d 209.00 ± 2.83 c 0.09522 ± 0.0002 b 

HP 6050 ± 176.78 a 729.50 ± 31.82 a 11750 ± 212.13 b 414.50 ± 13.44 b 0.03527 ± 0.0005 c 

HM 5750 ± 155.56 a 389 ± 11.31 b 17350 ± 636.4 a 544.00 ± 31.11 a 0.03134 ± 0.0006 d 
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According to Figure 4.10.1-2, the G' and G'' of the selected natural starch 

suspension during heating are expressed as a function of temperature, respectively. 

The starch energy storage modulus, also known as elastic modulus (G'), represents 

the amount of energy stored during deformation (Liu et al., 2016). The loss modulus, 

also known as the viscous modulus (G"), is used as a parameter to measure 

dissipated energy (Marboh & Mahanta, 2021). According to the image, it can be 

found that the temperature oscillation curves obtained by different kinds of starch are 

different. 

 

Due to the previous DSC experiment, various gelatinization temperatures of the 

selected starch were obtained (natural quinoa starch is about 55°C, natural 

amaranth starch is about 56°C, taro starch is about 73°C, potato starch is about 

62°C, and corn starch is about 71°C. Combined with the obtained Figure (4.10.1-2), 

it can be found that G' and G'' curves are relatively smooth at the beginning of 

heating. With the increase in temperature, the corresponding values of G' and G'' do 

not change significantly. However, when the experimental temperature reached the 

corresponding gelatinization temperature of natural starch, the values of G' and G'' 

increased sharply, and the curve increased significantly. This result is consistent with 

the results obtained by Li and Zhu (2018) in the temperature scanning test of 

different quinoa starches, which also found that the values of G' and G'' would 

increase significantly before reaching G'Max. After reaching the gelatinization 

temperature, the G' and G'' values increased with the temperature increase. Sing et 

al. (2003) believed this phenomenon was caused by the precipitation of amylose in 

this process, which expanded at gelatinization temperature and generated a 

three-dimensional network structure. It can be found from Table 4.10.1 that the G'Max 

of native quinoa selected in this experiment is 6465 ± 49.5, and the value of TG' Max is 

54.45 ± 0.35 degrees. Li and Zhu (2018) found that the G'Max of quinoa ranges from 

3997Pa to 7510Pa, and the temperature range of TG' Max is from 57.7 degrees to 67.3 

degrees. Therefore, the selected parameters of natural quinoa are within the range 
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of quinoa. At the same time, according to Table 4.10.1, there was no significant 

difference in G'Max value between natural quinoa starch and natural corn starch. 

However, G' of corn starch was the highest among the five natural starches (6625 ± 

21.21), and the remaining natural starch in descending order was quinoa starch> 

potato starch> taro starch>amaranth starch. The G' value of natural amaranth starch 

was minimal, only 375 ± 9.90. At the same time, the order of G"Max values was 

consistent with the results of G'Max, with the highest value of corn starch and the 

lowest value of amaranth starch. Both G'Max and G''Max of corn starch were higher 

than those of quinoa starch, which was consistent with the results obtained by Li and 

Zhu (2018). In addition, the higher the value of G'Max and G"Max, the less likely the 

corresponding starch to form a paste with lower viscosity at the concentration 

selected in the experiment (Li & Zhu, 2018). Therefore, according to this theory, 

among the five kinds of starch selected, natural amaranth starch is more likely to 

form a paste with lower viscosity at this concentration than the other four kinds of 

starch. As for the trend of G' value and G' with temperature change, Eliasson (1986) 

found that the initial increase of G' value was since starch particles were affected by 

temperature rise, expanding continuously and packing closely in the suspension, 

leading to a significant increase of G' value. Therefore, compared with the natural 

starch in Table 4.10.1, the TG’max values of HMT starch, except for amaranth starch, 

increased to different degrees. The modification of HMT increased quinoa starch 

from 67.10 to 71.15°C, taro starch from 77.40 to 80.75°C, potato starch from 64.30 

to 76.40°C. And corn starch increased from 76.40 to 85.00°C. This phenomenon 

indicates that HMT treatment can delay starch granule expansion, which is 

consistent with the result of HMT treatment of rice starch by Takahashi et al. (2005). 

In addition, it can be found that the physical modification of HMT has similar effects 

on TG’’max and TG’max, among which the value of TG’max and TG’’max decreased in 

amaranth starch. In brief, the modification of HMT resulted in the more likely 

expansion of amaranth starch particles and more likely accumulation in the 

suspension. It would also explain why the amaranth starch mentioned earlier is more 
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likely to form a paste with lower viscosity than the four starch types. Amaranth starch 

shows a unique phenomenon. Gunaratne & Corke (2007) believed that since the 

factor affecting starch particle expansion is soluble amylose leaching, while lack of 

amylose starch amaranth would show greater expansion after HMT modification. In 

addition, the reduction of amylose precipitation in the process of HMT modification 

jointly leads to a lower temperature when HMT amaranth starch reaches the peak 

energy storage modulus and loss modulus than natural starch. Combined with the 

above results and views, amaranth starch is more likely to expand at low 

temperatures than other selected starches. However, the rigidity of starch grain 

expansion is much weaker than other kinds of starch. By observing the dynamic 

oscillation temperature curve, it can be found that G' and G'' rose to the maximum 

value and then began to decline. At the same time, comparing the values of various 

G'Max and G''Max before and after treatment, it can be found that the peak energy 

storage modulus and loss modulus of natural starch was increased by HMT 

modification. However, the G" of HMT maize starch was partially decreased (from 

1105.00 ± 7.07 to 743.50 ± 20.51). 

 

 

At the same time, the temperature cooled down from a peak of 90 °C until it returned 

to 25°C. During the period, G' and G" values increased again with the decrease in 

temperature. The comparison curve showed that the G' value of each starch in the 

cooling stage was maize starch > quinoa starch > potato starch > taro starch > 

amaranth starch. For G" value, maize starch was still the largest, followed by potato 

starch; Quinoa starch and taro starch showed similar trends, while amaranth starch 

was still the smallest. As for the growth range, it can be seen from Figure 4.10.1.7 

and Table 4.10.1.2 that natural corn starch has the most extensive increasing range, 

with G' increasing from about 3610 ± 21.21 to 11800 ± 707.11. The value of natural 

quinoa starch increased from about 2290 ± 7.07 to 5140 ± 28.28. The growth of the 

remaining three starches was low. Amaranth starch had the lowest growth, from 
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72.60 ± 3.32 to 87.50 ± 4.24. As for the variation of G", except for natural quinoa 

starch, which decreased from 158 ± 1.41 to 116.50 ± 0.71, the G" value of the other 

four kinds of starch increased, and the increased range was relatively low. As for the 

characteristics that quinoa starch showed increased hardness and decreased starch 

molecular fluidity after cooling, Li and Zhu (2018) believed that it was because the 

amylose leached in the cooling process was reordered or affected by long-chain 

amylopectin. In addition, it can be seen from Figures 4.10.1.7 & 8 that the 

temperature curve of G' value changed during the cooling process for different 

starches after HMT modification. From the largest to the smallest, HMT maize 

starch>HMT potato Starch >HMT quinoa starch>HMT taro Starch >HMT amaranth. 

Compared with the G' curve of natural starch, the G' trend increased with the 

temperature decrease in the cooling stage. Among them, the G' of maize starch 

increased the most, and the natural potato starch had lower growth than others. 

Compared with natural starch, corn starch's value increased from 6050 ± 176.78 to 

11750 ± 212.13 after HMT modification. At the same time, the growth of other starch 

was not only higher but also the value of G' was larger. For G" value, the modified 

starch also showed the same trend; that is, the HMT starch had a larger G" value. 

Therefore, it can be obtained that after HMT modification, the cooled starch gel 

shows higher hardness. 

 

As for the damping factor, Rao (2014) believed that this parameter represented the 

elastic component of viscosity and some viscoelastic behaviours. The damping 

factor can generally be divided into four stages in the heating and cooling stages (Li 

& Zhu, 2018). These four stages express the elastic behaviour and the changes of 

elastic components during the gelation, starch particle breakage and rebound 

process of starch from room temperature to gelatinization temperature. There was 

no significant difference in the damping factors of natural starch, natural taro, potato 

and corn starch, and the remaining quinoa and amaranth starch were similar. The 

damping factor of taro starch was the highest (0.96 ± 0.01), while the damping factor 
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of natural amaranth starch was the lowest (49.70 ± 0.71). According to the theory of 

Li and Zhu (2018), taro starch paste is the most elastic among the selected starches, 

while amaranth starch paste is the least elastic. At the same time, it can be seen 

from Table 4.10.1 that the damping factors of starch modified by HMT all decreased. 

The damping factor of HMT potato starch decreased the most, from 0.95 ± 0.03 to 

0.40 ± 0.00. These results indicated that compared with the natural starch, the 

gelatinized paste obtained by the physical modification of HMT was less elastic than 

that of the natural starch. 
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4.10.2. Frequency sweep measurement 

 

The heated and cooled starch gel was scanned for frequency, and the data obtained 

were plotted in Figure. 4.10.2.1 - 4. The Figure records the changes of each starch's 

G' and G'’ values when the frequency increases from 0.1Hz to 40Hz. 

 

Figure 4.10.2.1. The change of G' of different varieties of native starch during frequency 

increasing. 

 



 

114 

 

Figure 4.10.2.2. The change of G'' of different varieties of native starch during frequency 

increasing. 
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Figure 4.10.2.3. The change of G' of different varieties of HMT starch during frequency 

increasing. 
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Figure 4.10.2.4. The change of G'' of different varieties of HMT starch during frequency 

increasing. 

 

 

In Figure 4.10.2.1&2, G' and G'’ values of different kinds of natural starches have 

different dependence on frequency. In terms of G' value, natural maize had the 

highest starch, followed by quinoa starch > potato starch > taro starch>amaranth 

starch. G' of the selected natural starch remained stable with the increase of 

experimental frequency. For the value of G", the order of the size of the natural 

starch is maize starch> potato starch > quinoa starch > taro starch > amaranth. And 

with the increase of frequency, the value of G" also increases, and the two are 

positively correlated. At the same time, the relationship between G' and G'' was 

observed. It was found that the value of G' was much higher than that of the 

corresponding starch sample in the frequency range. Moreover, that means that 

these curves do not intersect. This phenomenon indicates that because amylose in 

starch particles is reordered and a fixed amount of leaching is maintained, the gel 
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occupies the dominant range within the selected experimental frequency, thus 

expressing that the curves of G' and G'' do not coincide (Li & Zhu, 2018). It also 

shows that starch gels show more elastic characteristics rather than viscous 

characteristics. This conclusion is consistent with Munish et al. (2022). For the 

stability ability of gels at different frequencies, gels can often be distinguished into 

"true gels" and "weak gels" (Ikeda & Nishinari, 2001; Rao, 2014). At the same time, 

Mezger (2020) believed that G' in the low-frequency state could represent the 

degree of starch gel cross-linking, while in the high-frequency state, the stronger the 

starch cross-linking, the more stable the network structure, and the greater the 

corresponding G' value. Therefore, compared with the selected natural starches, the 

natural cornstarch gel had the strongest cross-linking degree and formed the most 

stable network structure, while the amaranth starch gel was the weakest. Li and Zhu 

(2018) believed that this phenomenon was caused by the low amylose content of 

amaranth starch. This phenomenon is similar to what we found with the gel texture in 

the previous section. Meanwhile, it can be seen from Figure 4.10.2.2 that the loss 

modulus (G") of natural starch increases with the increase of frequency, which is 

consistent with the conclusion of amaranth starch made by Munish et al. (2022). 

 

At the same time, comparing the starch G' and G'’ curves after HMT treatment, it can 

be found that the value of the modified starch G' was significantly higher than that of 

the original starch. The results indicated that the physical modification of HMT 

enhanced the expression of the elastic ability of starch. At the same time, it was 

found from 4.10.2.3 that different HMT starches exhibited different levels of energy 

storage modulus at the same frequency. From large to small, maize starch>potato 

starch> quinoa starch> taro starch> amaranth starch. Among them, the granule size 

of maize starch and potato starch is much larger than the other three kinds of small 

grain starch. As for the influence of particle size on dynamic rheological properties, Li 

and Zhu (2018) explored the differences between quinoa starch with different 

particle sizes in frequency scanning measurement experiments and found that 
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quinoa starch with larger particle sizes exhibited much higher elasticity. The mean 

diameter of mass moment of particle size parameter (D [4,3]) is positively correlated 

with the obtained G'40Hz and G'0.1Hz. In addition, it was also reported that corn starch 

exhibited stronger elasticity in corn starch with larger particle sizes (Zhu et al., 2016). 

This conclusion is consistent with the results obtained above. Meanwhile, in the 

curve of G' and frequency, it can be found that the G' value of amaranth starch 

treated with HMT decreased slightly with the increase of frequency. For this 

phenomenon, Munish et al. (2022) believed that the modification of HMT might 

destroy the molecular order in starch particles. For the loss modulus, the modified 

starch with HMT showed a lower G" value than the natural starch. Due to this feature, 

Liu et al. (2016) believed that HMT treatment would reduce the deformation recovery 

rate and rheological resistance of starch so that the G" value of HMT starch was 

lower than that of the corresponding natural starch. 

 

Finally, it could be found that in the experiment of dynamic starch rheology, with the 

change of temperature and frequency, various oscillatory parameters of different 

natural species are different. Moreover, HMT modification not only changes the 

properties of starch gel oscillation but also has some effects on the experimental 

results. In particular, the larger the selected starch particle size, the stronger the gel 

showed the elasticity, which was especially obvious in HMT starch. However, from 

the results of this experiment, the size of starch particles is not the only factor 

affecting the rheological properties. As Li and Zhu (2018) found, due to the particle 

morphology of different starch samples, the composition structure and chemical 

composition of amylopectin will affect the final rheological properties. And rheological 

quantification involves various factors and structural basis, which is a very complex 

system (Li & Zhu, 2018). Liu et al. (2016); Singh et al. (2005) found that the 

rheological properties of starch after HMT modification were also affected by 

protein-lipid complexes. Although the amylose content of selected starches is 

sometimes low, disruption of starch and protein-lipid interactions during HMT also 
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affects rheological properties; thus, both the energy storage and loss modulus 

change (Liu et al., 2016). Therefore, many factors affect the final rheological 

properties of starch. 
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Chapter 5 Conclusion and Future work 

 

5.1 General conclusion 

 

The effects of different particle sizes on the results of modified HMT were studied by 

analyzing and characterizing the physicochemical properties of five kinds of starch 

before and after heat-moisture treatment. Firstly, the results showed that HMT 

modification had different effects on the physicochemical properties of different 

starch. Secondly, after HMT modification, only part of the changes in properties was 

related to the particle size. For example, the morphology of starch particles and 

some dynamic oscillatory properties of starch gel showed an intuitive relationship 

with starch particles. However, the rest of the properties show the irrelevant 

relationship of the particle size.  

  

Among them, the natural small granule starch is more accessible to aggregate than 

the large grain starch. At the same time, after heat-moisture treatment, the 

aggregation degree of small particles was much greater than that of large starch 

particles. That is, the modification of HMT enhanced the aggregation of small starch 

particles. At the same time, it can be seen from SEM results that the appearance of 

native small granule starch is relatively consistent, and most of it is irregular. After 

HMT modification, the surface of small starch particles and large starch particles did 

not have apparent depression and fracture, which indicates that HMT is relatively 

mild, and that the particle size has no influence on the change of particle surface 

after HMT modification. Moreover, scanning electron microscopy also showed the 

large area aggregation of small starch particles after modification. As for the crystal 

properties of starch, both relative crystallinity and X-ray diffraction patterns showed 

that the modified starch exhibited different properties independent of starch particle 

size. In particular, only the modified potato starch showed a change in crystal type. 

For gelatinization characteristics, DSC results and swelling characteristics, the 
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HMT-modified starch showed stronger thermal stability. The results also showed that 

these changes were independent of starch particle size. The gel properties showed 

that the effect of HMT modification on starch gels was related to the starch type and 

amylopectin content but had no direct correlation with particle size. Finally, the 

rheological properties of all starch samples showed pseudoplastic fluid and 

increased shear-thinning after HMT treatment. And both of them were not directly 

related to particle size. For the results of the frequency oscillation experiment, some 

data showed that the larger the particle size, the stronger the elasticity of the 

HMT-modified gel. However, combined with the overall experiment, particle size has 

no apparent effect on the results of dynamic oscillation.  

  

Starch is a complex system, and most of its physicochemical properties are affected 

by many factors. This experimental conclusion verifies the conclusions of some 

studies to some extent. At the same time, the changes in small-particle starch after 

HMT modification can serve as a basis for future research. 

 

 

 

 

5.2 Future work 

 

The difference in physicochemical properties between small granule starch and large 

granule starch after HMT modification can be widely used in future research plans. 

 

The results of this study are generally consistent with the changes in 

physicochemical parameters of starch modified by HMT before. However, due to the 

time limitation of this experiment, the specific contents of amylose and amylopectin 

of various starches could not be explored in depth. Moreover, the specific changes of 

the internal starch structure during HMT modification were not explored in depth, 

which limited finding the relationship between particle size and HMT physical 
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modification methods. 

 

At the same time, as a large number of previous studies have found, although there 

is no significant difference in the particle size representation of the same kind of 

small starch, the final experimental results are often characterized by a significant 

difference in parameters due to the influence of growth conditions, growth 

environment, genotype, maturity and trace elements. 

 

Although starch with different particle sizes shows roughly similar gelatinization 

characteristics, it can be combined and further studied according to some different 

properties they show to be used in production and processing. 
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