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Composition of the chickpea starch is given in Table 1.2. Amylose content of the 

chickpea starch ranges from 23.00 to 33.81%. Moisture, lipid, ash and nitrogen of the 

chickpea starch ranges from 8.78, 0.29, 0.05, 0.08% to 11.45, 0.50, 0.06, 0.10% 

respectively. Moreover, crystal type of the chickpea starch is CA type (Miao et al., 

2009). Crystallinity of the two chickpea types is different. Due to the differences in 

the amylopectin fraction, Kabuli starch has higher degree of crystallinity than Desi 

starch. In Desi type starches, amylose content is higher which reduces double helical 

content (Miao et al., 2009). 

Table 1.2. Chemical composition of chickpea starch (Wani et al., 2016) 

Component Composition (%) 

Moisture (%) 8.78-11.45 

Lipid (%) 0.29-0.50 

Ash (%) 0.05-0.06 

Nitrogen (%) 0.08-0.10 

Amylose (%) 23.00-33.81 

 

Due to its high resistant starch content, chickpea starch also helps to prevent food-

based health problems such as diabetes and obesity. Sandhu and Lim (2008) stated 

that chickpea starch has resistant starch content between 53.4% and 55.2%. The fact 

that diabetes risk decreases with chickpea consumption can be explained by its 

resistant starch content that slows down the digestion. Arp et al. (2018) conducted a 

study on characterization of wheat dough that was prepared by different amounts of 

Hi-Maize (HM, type-2 resistant starch). It was stated that resistant starches were 

helpful to contribute to the daily fiber intake since they were classified as non-

digestible carbohydrates (Arp et al., 2018). 
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1.2.1. Chemical Modification 

Chemical modification is mainly based on introducing functional groups to the starch 

granules so that physicochemical properties are changed.  For starch ester and ether 

preparations hydroxyl groups are the basis of the chemical modification which enable 

intramolecular and intermolecular bonding at random places (Ashogbon & Akintayo, 

2014). Starches from different origins can be modified by chemical modification 

methods in order to change the gelatinization, pasting and retrogradation behaviors. 

Properties of the chemically modified starches are affected by treatment conditions 

such as pH, temperature, reactant concentration, reaction time and the presence of 

catalyst. Moreover, origin of the starch, type of substituent, and degree of substitution 

have effect on the physicochemical properties of the modified ones (Ashogbon & 

Akintayo, 2014). 

Acetylation, cationization, oxidation, acid hydrolysis and cross linking are 

derivatization methods used in chemical modification of starch. Since there is some 

environmental and human health related concerns about these chemical methods, dual 

modification methods are developed recently (Ashogbon & Akintayo, 2014).  Dual 

methods such as microwave assisted acetylation or high hydrostatic pressure (HHP) 

assisted phosphorylation combines physical and chemical methods  (Ashogbon & 

Akintayo, 2014). These methods reduces the modification time and increases the 

production (Kaur et al., 2012).  Dual modification is an effective method for obtaining 

emulsifiers, binders and thickeners for the food industry and heavy metal adsorbents 

for the non-food industries (Ashogbon & Akintayo, 2014). Cationic starches are 

obtained by reacting the starches with reagents that includes amino, ammonium, 

sulphonium or phosphonium groups. Granule morphology and physicochemical 

properties are improved by cationization methods (Ashogbon & Akintayo, 2014). 

Cross-linked starches are prepared by various cross-linking agents. Type of the 

reagent affects the functional properties of the starch after modification since different 

agents causes different molecular structures (Ashogbon & Akintayo, 2014). Native 

starch is esterified with acetic anhydrate or vinyl acetate in the presence of alkaline 
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catalyst to obtain acetylated starches which can be used in various functions such as 

film forming, binding, thickening, stabilizing and texturing (Ashogbon & Akintayo, 

2014). Acid hydrolyzed starches are applicable in the industries such as food, paper, 

textile and pharmaceutical. Moreover, oxidation treatment supplies starches with 

surface sizing and coating properties  for usage in food and non-food industries 

(Ashogbon & Akintayo, 2014). Although chemical modification results in improved 

starch properties, these methods are not environmentally friendly and consumers have 

significant concerns about these methods (Kaur et al., 2012).  

 

1.2.2. Enzymatic Modificati on 

Enzymatic modification is mainly based on hydrolyzing the starch with different 

enzymes (Kaur et al., 2012). Amylo-maltase is one of these enzymes which helps to 

obtain starches that form thermoreversible gels and its usage results in chemical free 

alternative to gelatin. It is obtained from Eukarya, bacteria, and archaea which are the 

living organism types. Amylo-maltase treated starches can be used in foods, 

cosmetics, pharmaceutics, detergents, adhesives and drilling fluids (Kaur et al., 2012). 

This modified starch type is known as the plant-derived substitute for gelatin. The 

only restriction is the turbidity of the gels prepared by this starch since gels prepared 

by gelatin are transparent (Kaur et al., 2012).  Also, amylomaltase modified starches 

with extended amylopectin chain lengths can be used as fat replacers. Moreover, 

treating the native starch with a glycogen branching enzyme causes highly branched 

structure and retrogradation is delayed by the reaction that takes place.  

Cyclomaltodextrinase obtained from alkalophilic Bacillus can be used to decrease the 

amylose content of the native starch (Kaur et al., 2012).  

Enzymatic modification can also be used to obtain slowly digested starches. By 

enzymatic reaction, branching increases and crystalline structure forms which helps 

to obtain slowly digested starches which are the basis of low glycemic index (GI) 
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radial attack, solvent molecules of the formed bubble diverge and cause the formation 

of free radicals. The hydroxyl radicals and hydrogen atoms are formed by disruption 

of the water molecules.  Formed radicals spread around and react with the solute 

molecules. Solvent radical formation and reaction of these radicals with solute 

molecules are the basis of the radial attack mechanism (Czechowska-Biskup et al., 

2005). Both mechanisms are known as shear induced degradation of the polymer 

which is restricted by the minimum chain length (Czechowska-Biskup et al., 2005).  

Ultrasonication medium and parameters such as power, frequency and temperature are 

important in terms of optimization of the process. As sonication intensity increases, 

the effect of ultrasonication increases as well. Temperature affects the number of 

cavitation bubbles. Sujka and Jamroz (2013) also stated that frequency, power, 

temperature and time of sonication and starch properties affects the ultrasonication 

intensity. In food applications, ultrasonication method cause an alteration of the 

structure and thus selecting the process parameters is an important step to prevent the 

losses in the quality of the product (Kaltsa & Gatsi, 2014).  

1.2.3.2. Microfluidization  

 High pressure processes are novel technologies for obtaining modified starches with 

improved properties. Microfluidization (high pressure homogenization) technology is 

a continuous high-pressure process which combines high velocity, vibration, pressure 

drop, cavitation, shear and ultra-high pressures (Tu, Yin, Wang, Liu, Chen, Zhang, 

Kou, et al., 2013).  

Kasemwong et al. state that starch microstructure is modified by microfluidization 

treatment (Kasemwong et al., 2011). Microfluidization treatment is applied by using 

microfluidizer which operates generally at pressure range of 5-200 MPa. This pressure 

causes a force on the liquid to pass through interaction chamber. The mechanism is to 

separate the pressure into two lines and routing the flows at each other (Kasemwong 

et al., 2011). Between the inlet and outlet of the valve in which the fluid is forced 

throughout pressure, there is high pressure gradient. The generated shear and 
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cavitation affects the disruption of the aggregate (Koh et al., 2013). In 

microfluidization, high pressure experienced over very short time causes formation of 

smaller particles. The cavitation, shear and turbulence are induced concurrently by the 

pressure in microfluidization (Koh et al., 2013). During cavitation, cavities filled with 

gas are formed due to the pressure drop and these cavities collapse because of the rise 

in the pressure. The collision of the bubbles causes high pressure and velocity 

gradients which bring about shear forces (Che et al., 2009). Microfluidization is a 

dynamic phenomenon in which covalent bonds of polymer chains are disrupted by 

shear forces. This process is known as the mechanochemical action of homogenization 

(Che et al., 2009). Schematic of the microfluidizer is shown in Figure 1.4.  

 

Figure 1.4. Schematic of microfluidizer (Karagiannidis et al., 2017) 

 

 Although microfluidization was used for the mozzarella cheese production, whey 

protein improvement, nano-emulsion preparation and dietary fiber improvement, milk 

homogenization and preparation of salad dressings, chocolates, syrups, creams and 

yoghurts,  there is not enough information about the effects of this technology on the 

starches (Tu et al., 2013 ; Kasemwong et al., 2011). Starch and other food constituents 
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can be combined to obtain more stable products by microfluidization treatment. 

Properties and thus quality of the product can be enhanced by this mechanical process 

(Che et al., 2009). Lower gelatinization temperature, higher swelling and higher 

viscosity are some of the improved properties of starches which are obtained by high-

pressure treatments (Kasemwong et al., 2011). 

Microfluidization was used by Tu et al.  (2013) for modification of maize amylose, by 

Kasemwong et al. (2011) to observe the changes in cassava starch granule and by 

Duan et al. (2017) for modification of rice amylose. 

1.3. Literature Gap  

There are many studies conducted by different researchers on the physical 

modification of the starch.  

Li et al. (2011) studied the high hydrostatic pressure (HHP) which is also a physical 

method for the modification of rice starch (Li et al., 2011). Ultrasonication method 

was also used by Sit et al. (2014) for starch isolation purpose. Starch from Taro tubers 

were isolated by using sonication and the aim of the study was to investigate the effect 

of the sonication parameters on the yield and functional properties of the taro starch. 

The study conducted by Sit et al. (2014) focused on the tuber starch isolation by 

sonication method and analysis of the functional and textural properties. In the study 

of Koh et al. (Koh et al., 2013), sonication, high shear mixing  and homogenization 

techniques were compared in terms of effectiveness in improving heat stability of 

whey protein gels. While the methods used showed similarity, the purpose of the study 

conducted by Koh et al. (2013) was different from this study in terms of the raw 

material. Researchers also investigated the modification of rice starch by high-speed 

jet method. It was found that rheological properties of the starch changed and integrity 

of the starch granules was lost by high-speed-jet method (Fu et al., 2015).  In another 

study, cassava starch was modified by microfluidization. The results showed that 

granules were partially gelatinized after the treatment, and destruction of the crystal 

structure was observed (Kasemwong et al., 2011). Rice amylose was also modified by 
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researchers by dynamic high-pressure microfluidization (Duan et al., 2017). It was 

found that high pressure microfluidization had an important effect on the crystalline 

structure and morphology of the starch granule. Luo et al. (2008) conducted a study 

on the modification of maize starch by ultrasound. They found out that modified 

samples showed higher swelling power and lower gelatinization enthalpy values than 

native starch (Luo et al., 2008). Ahmeda et al. (2016) stated that destruction of starch 

granule caused a change in the functional properties of lentil starch when high pressure 

treatment was applied.  

In this thesis, ultrasonication and microfluidization (a high-pressure technique) were 

investigated for the modification of chickpea and lentil starches which are legume 

starches. In addition to the conventional characterization techniques which were 

performed in afore mentioned studies (such as functional, rheological, physical and 

thermal analysis), NMR relaxometry and FTIR experiments were also performed for 

the modified starches. 

 

1.4. Objectives of the Study 

The studies on the investigation of ultrasonication and microfluidization on properties 

of starches are limited in literature. Although conducted studies are helpful to 

understand how treatments affect the physicochemical properties of modified starch, 

there are no studies in literature about the modification of chickpea and lentil starches 

by using microfluidization and ultrasonication methods. Chickpea and lentil starches 

are legume starches which have high resistant starch content and excellent 

functionality. It makes their use in food applications important. Since starch is 

sensitive to processing it is possible that microfluidization and ultrasonication could 

result in the improvement of the properties of starch such as rheological properties, 

thermal properties, functional properties and morphology. Thus, the main objective of 

the study is to obtain modified legume starches from different sources (lentil and 

chickpea) by using microfluidization and ultrasonication methods. It was also aimed 
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to determine the effects of these methods on the functional (solubility and swelling 

power), rheological and thermal properties, particle size, morphology and crystal 

structure of modified starch samples. Time Domain NMR relaxometry experiments 

were also conducted to understand the changes in the microstructure of modified 

starches. This study could fill the knowledge gap of comparison of ultrasonication and 

microfluidization methods on modification of two legume starches. 
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solution was mixed gently by using magnetic stirrer at 450 rpm for 5 minutes. 

Ultrasonic Homogenizer (Sonic Ruptor 400, Omni International, Kennesaw, GA, 

USA) which operates at total power of 400 watts and output frequency of 20 kHz was 

used. Sonication of native samples was conducted at 30% power and 50% pulse for 

15 minutes in an ice bath. Then the solution was centrifuged at 4,000 rpm for 4 minutes 

and the precipitate was dried overnight at 40oC. After grinding the dried samples, 

sonicated powder was obtained for further analysis. 

2.3.2. Microfluidization  

For the microfluidization method, starch suspension (6% w/w) was prepared by 

mixing 6 grams of starch sample and 100 milliliters of distilled water (Tu et al., 2013). 

The suspension was mixed gently by using magnetic stirrer at 450 rpm for 5 minutes. 

Treatment of the suspension was conducted with a laboratory scale microfluidizer 

(ISA-N-10M Nano Disperser, Ilshin Autoclave Co. Ltd., Daejeon, South Korea) at 

130 MPa pressure level for five passes. After centrifuging the suspension at 4,000 rpm 

for 4 minutes, the precipitate was collected and dried overnight at 40oC. 

Microfluidized powder was obtained by grinding the dried precipitate. 

2.4. Analysis of the Starch 

2.4.1. Functional Properties (Solubility and Swelling Power) 

Solubility and swelling power of the starches were determined by using the method of 

Choi (2009) with slight modifications (Choi et al., 2009). Preparation of 40 ml starch 

suspension (1% (w/v)) was completed in a centrifuge tube which was tared before the 

experiment. For 30 minutes, the suspension was allowed to stand in a shaking water 

bath at 90oC. After centrifuging at 3,000 rpm for 30 minutes, the weight of the 

precipitate was recorded instantly. Drying of the supernatant at 120oC for 4 hours, 

which was the next step, was important in terms of reaching the constant weight. When 

the constant weight was obtained, the starch sample remaining in the supernatant was 

weighed and recorded (Tu et al., 2013). For the calculation of the solubility and 

swelling power of the starch samples, equations 1 and 2 were used respectively: 
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2.4.9. Summary of the Experimental Design 

Factors and their corresponding levels and responses are summarized in Table 2.1. 

 

Table 2.1. Factors, levels and responses used in the study 

Factors Levels Responses 

Starch Type 

 
Chickpea Starch 

1. Solubility 

 
Lentil Starch 

2. Swelling Power 

Modification Method 

 
 
Ultrasonication 

3. Rheological Properties 

4. Thermal Properties 

Microfluidization 
5. Particle Size 

6. Microstructure 
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lentil starches when ultrasound or microfluidization were applied might be the result 

of the change in the granule arrangements . 

Inter-associative forces between the amorphous and crystalline parts of the starches 

mainly affect their solubility and swelling characteristics. Moreover, amylose to 

amylopectin ratio is found to have an important effect on these characteristics 

(Kusumayanti et al., 2015).  The significant difference in the solubility and swelling 

power values of the sonicated and microfluidized chickpea starches, which have 

solubility values of 7.44 and 12.54 g/100g and swelling power values of 9.33 and 

10.22 g/100g for sonicated and microfluidized respectively, may be due to its 

amylose/amylopectin ratio and crystalline structure.  

3.2. Rheological Properties 

The relationships between shear stress and shear strain of the native, sonicated and 

microfluidized starches (chickpea and lentil) are shown in Figure 3.1 and Figure 3.2 

respectively. The starches showed typically Non-Newtonian and shear thinning 

behavior since the viscosities of both samples showed a decrease with increasing shear 

rate. There are some factors that play important roles on the shear thinning behavior 

such as the fine structure and amounts of amylose and amylopectin found in the starch. 

Shear thinning behavior is observed due to the broken structural network 

(Subramanian et al., 1994).  
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Figure 3.1. Variation of shear stress with shear strain of the native, sonicated and microfluidized 
chickpea starches 

 

 

Figure 3.2. Variation of shear stress with shear strain of the native, sonicated and microfluidized 
lentil starches 











 

 
 

41 
 

3.4. Scanning Electron Microscopy (SEM) 

Scanning electron micrographs of native, sonicated and microfluidized samples can 

be seen in the Figure 3.3 for the chickpea and lentil starches. Native chickpea and 

lentil starches (Figure 3.3-a and Figure 3.3-d) were characterized by the rough surfaces 

and spherical-oval shapes. It could be clearly seen that the native starches showed an 

important change after the ultrasound treatment. The surface of the granules became 

smooth and the granule had some cracks at the surface which might have aroused from 

the ultrasonic energy. In the same manner, Sujka and Jamroz (2013) stated that 

sonicated starches showed visible cracks which might be due to the ultrasonic 

degradation of the granule. Furthermore, the observations obtained from the Figure 

3.3 were correlated with the DSC results since the change in granular structure was 

observed in both sonicated and microfluidized samples. It was observed that both 

ultrasound and microfluidization treatments influenced the thermal properties of 

chickpea and lentil starches. DSC results showed that microfluidization caused a 

significant decrease in the gelatinization enthalpy of the chickpea and lentil starches 

due to the possible partial gelatinization of the starch granules at high pressures. SEM 

observations confirmed the gelatinization effect of the microfluidization since native 

starch granules were damaged significantly and irregular shape of the microfluidized 

samples was observed. In the study of  the microfluidization of the maize amylose, it 

was also reported that granular structure of the maize amylose changed by the dynamic 

high pressure microfluidization (Tu et al., 2013). In addition, integrity loss and 

damage was observed in the morphology of the gelatinized rice starch granule in the 

study of  Fu et al. (2015). Microfluidization was found to be more effective in terms 

of obtaining partially gelatinized starches.  
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Figure 3.3. Scanning electron micrographs of the native and modified starches. a, b and c for the 
native, sonicated and microfluidized chickpea starch respectively; d, e and f for the native, sonicated 

and microfluidized lentil starch respectively. 
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In this study, the mono-exponential fitting was used to determine the relaxation time 

(T2). T2 relaxation time of the native and modified starches are given in Table 3.5 for 

chickpea and lentil. Although T2 value of the native chickpea starch showed 

significant increase with both treatments (Table B.3), sonication was found to have 

more significant effect on the T2 value of chickpea starch (p<0.05).  Both sonication 

and microfluidization caused a statistically significant increase (Table B.4) in the T2 

value of the native lentil starch (p<0.05). The increase in the T2 value of both starches 

might be related to the higher water absorption capacity of the sonicated and 

microfluidized samples. Closely packed conformation of the solids causes shorter T2 

values since the solid protons are close to each other which results in quick dephasing 

with applied pulse. Thus, longer T2 values are obtained for the samples due to the 

higher water content. Also, when treatments are applied free water become more 

available thus  the T2 values of the treated becomes higher (Ozel et al., 2017). Ozel et 

al. (2017) conducted a study on the NMR relaxometry of corn, rice and wheat starches 

to obtain information about starch-water interactions and gelatinization behaviour. 

The results indicated that corn starch showed lower T2 values than others which might 

be related to the higher amylose content since amylose has structure building and 

mobility decreasing effect (Ozel et al., 2017). The results stated by Ozel et al. (2017) 

confirmed the present result of the experiment. Gelatinization is affected by different 

ratios of amylose to amylopectin. Starches with higher amylose content have limited 

interaction of water molecules with starch granule (Ozel et al., 2017). For the chickpea 

starch, DSC results showed that percent degree of gelatinization of microfluidized 

sample was higher, thus T2 value of the sample was lower than the sonicated sample 

which might be due to the limited interaction with water. For the lentil starch, there 

was no significant difference between the T2 values of the modified starches. Also, 

swelling power values of the native chickpea and lentil starches were significantly 

lower than the modified ones which confirmed the NMR results of the native samples 

with lower T2 values.  
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3.7. Fourier Transform Infrared Spectroscopy (FTIR)  

Fourier Transform Infrared Spectra of samples are shown in the Figure 3.4 and Figure 

3.5 for the chickpea and lentil starches, respectively. The similar characteristic peaks 

were observed in the spectra of chickpea and lentil starches. The peak at 3290 cm-1 

was related to the O-H stretching. For both native starches, the intensity of the peak at 

3290 cm-1 was lower than the sonicated and microfluidized samples. When both 

treatments applied, the increase in the intensity of the peak indicated that functional 

group related to the bond showed an increase in number. Although the peak intensity 

was nearly same for the sonicated and microfluidized chickpea starches, the intensity 

of the peak for the microfluidized lentil starch was higher than the sonicated one. Fang 

et al. similarly reported that hydroxyl groups bonded to hydrogen caused intensively 

wide peak at 3403 cm-1. The results of the study conducted about the properties of 

lentil starch were in agreement with the present results. It was stated that the band 

observed at 3296 cm-1  was related to the O-H stretching  (Ahmeda et al., 2016). It 

could be concluded that O-H stretching of the native samples were lower than the 

modified ones. 

An apparent peak at 2925 cm-1 was detected in the FTIR spectra of both starches 

(Figures 3.4 and 3.5). Intensities of the peaks ranged as sonicated> microfluidized> 

native for the chickpea starch and microfluidized> sonicated> native for the lentil 

starch. It could be concluded that both treatments increased the peak intensity. 

Although chickpea starch was more affected by sonication, lentil starch was affected 

by microfluidization significantly.  Kizil et al. (2002) stated that CH2 deformation and 

C-H stretching could be observed on the region between 2800 cm-1 and 3000 cm-1 and 

amylose to amylopectin ratio strongly affected the intensity of the observed peak. In 

the study, it was concluded that differences in amylose content of the corn and potato 

starches resulted in different peak intensities in the spectra (Kizil et al., 2002). Also, 

there might be a peak shift which was due to the alteration of ordered structure 

(Warren et al., 2016). Moreover, Fang et al. observed a significant band at 2926 cm-1 

which was related to C-H stretching (2002). 
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The intensity of the peak observed at 1643 cm-1 decreased with both treatments. The 

similar result was reported by Kizil et al. (2002). In the study, the peak at 1642 cm-1 

was dependent on how much water was adsorbed by the amorphous region. Alteration 

of crystallinity had an important role on the intensity of the band. The band at 1640 

cm-1 was associated with the tightly bound water content of the starch granule in 

another study conducted by Fang et al. (2002). Result obtained from the FTIR spectra 

of both starches well corresponded to the NMR results. Both ultrasonication and 

microfluidization treatments resulted in higher T2 values for both starches which was 

related to the higher free water content of the modified samples. Also, the band seen 

at 1643 cm-1confirmed that tightly bound water content of the modified starch samples 

were lower than the native ones.  

For both starches, the intensity of the peak at 1336 cm-1 showed an increase with both 

treatments. The peak might have been  originated from the carbon and hydrogen atoms 

which caused vibrations in the region between 1300-1500 cm-1 (Kizil et al., 2002).  

The intensity of the peak at 1145 cm-1 showed an important rise with both treatments. 

However, the peak intensities of microfluidized chickpea and lentil starches was 

significantly higher. According to Ahmeda et al. (2016), FTIR spectra of high pressure 

treated lentil starch showed a peak at 1145 cm-1 due to C-O and CH2 stretching. 

The change in the intensity of the peak at 1000 cm-1 was the sharpest difference for 

both starches. Even if both sonicated and microfluidized starches showed an increase 

in peak intensity, the effect of microfluidization treatment was more significant. 

Warren et al. (2016) reported that the spectrum region between 1000-1022 cm-1 is 

highly sensitive to water. Also, the water sensitivity of the peak at 1000 cm-1 was 

confirmed by Ahmeda et al. (2016). The peak was associated with the intramolecular 

hydrogen bonding of hydroxyl groups and the destruction effect of high pressure on 

the crystalline structure. In the study, where the impact of high pressure on the lentil 

starch was investigated , it was stated that high pressure destroyed  the crystalline 

structure of the starch granule (Ahmeda et al., 2016). The present results are in 
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agreement with this finding as significant difference was observed in the peak 

intensities of the native and modified starches. The FTIR spectra of chickpea and lentil 

starches shown in Figure 3.4 and Figure 3.5 confirmed that ultrasonication and 

microfluidization treatments cause significant changes in the structure of the starch 

granules. Also, the results obtained from the figures well correspond to the 

morphology observations due to the observed change in the structure of native starches 

with both treatments.  
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Figure 3.4. FTIR spectra of the native, sonicated and microfluidized chickpea starches 

 

 

Figure 3.5. FTIR spectra of the native, sonicated and microfluidized lentil starches 
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CHAPTER 4  

 

4. CONCLUSION AND RECOMMENDATIONS  

 

In this study, the changes in the physicochemical properties of legume starches as a 

result of ultrasonication and microfluidization treatments were investigated. Solubility 

values of the native samples decreased, whereas swelling power values increased with 

both treatments. Both methods were found to be effective in terms of decreasing 

particle size of native starches significantly. Both treatments decreased apparent 

viscosity of native chickpea starch. Microfluidization was more significant to decrease 

To and gelatinization enthalpy of both legume native starches.  NMR results showed 

that modified starch samples showed higher T2 values which was directly related to 

the free water content of the samples. Like SEM results, FTIR results was also a proof 

that both ultrasonication and microfluidization treatments caused a change in the 

structure of the native samples.  

The study showed that ultrasonication and microfluidization were the effective 

methods for the modification of chickpea and lentil starches. Regarding the desired 

improved properties, method type to use for modification could differ. For obtaining 

easily gelatinized starches, microfluidization was found to be more effective. When 

usages of these methods were analyzed, ultrasonication method was found to be more 

valuable in practice due to its higher isolation efficiency and lower production cost.  

For future studies, modified starches may be used in food applications to observe how 

final food product will be affected by usage of modified starches instead of native 

ones. Parameters of ultrasonication such as sonication time and power, and parameters 

of microfluidization such as pass number and pressure may be changed in order to 

observe the effects of treatment parameters on properties of native starch types. 



 

 
 

52 
 

Moreover, comparison of these two methods may be conducted on other legume types 

such as black bean, kidney bean and soybean which are nutritionally focus on interest. 
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APPENDICES 

 

A. Power Law Fitting Curves 

 

Figure A. 1. Power law fitting curve for native chickpea starch (sample 1) 

 

Figure A. 2. Power law fitting curve for native chickpea starch (sample 2) 
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Figure A. 3. Power law fitting curve for sonicated chickpea starch (sample 1) 

 

Figure A. 4. Power law fitting curve for sonicated chickpea starch (sample 2) 
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Figure A. 5. Power law fitting curve for microfluidized chickpea starch (sample 1) 

 

 

Figure A. 6. Power law fitting curve for microfluidized chickpea starch (sample 2) 

 

 



 

 
 

66 
 

 

Figure A. 7. Power law fitting curve for native lentil starch (sample 1) 

 

Figure A. 8. Power law fitting curve for native lentil starch (sample 2) 
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Figure A. 9. Power law fitting curve for sonicated lentil starch (sample 1) 

 

 

Figure A. 10. Power law fitting curve for sonicated lentil starch (sample 2) 
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Figure A. 11. Power law fitting curve for microfluidized lentil starch (sample 1) 

 

Figure A. 12. Power law fitting curve for microfluidized lentil starch (sample 2) 
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B. Statistical Analysis 

Table B. 1. Rheological properties of chickpea starches 

General Linear Model: n versus Starch type  

Factor          Type    Levels  Values 

Starch type  Fixed    3          Chickpea Microfluidized; Chickpea Native; Chickpea 

Sonicated 

 

Analysis of Variance: 

Source          DF     Adj SS       Adj MS      F-Value   P-Value 

Starch type    2      0,000107     0,000053      0,32         0,747 

Error             3 0,000499     0,000166 

Total             5      0,000605 

 

Model Summary: 

S      R-sq       R-sq(adj)    R-sq(pred) 

0,0128919       17,65%    0,00%         0,00% 

 

Coefficients: 

Term                                  Coef  SE    Coef   T-Value   P-Value    VIF 

Constant                             0,89360      0,00526    169,79     0,000 

Starch type 

Chickpea Microfluidized   0,00050      0,00744      0,07        0,951        1,33 

Chickpea Native               -0,00540      0,00744   -0,73        0,521        1,33 

 

Regression Equation: 

n = 0,89360 + 0,00050 Starch type_Chickpea Microfluidized 

- 0,00540 Starch type_Chickpea Native + 0,00490 Starch type_Chickpea Sonicated 
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General Linear Model: K versus Starch type  

Factor          Type      Levels  Values 

Starch type   Fixed     3  Chickpea Microfluidized; Chickpea Native; Chickpea 

Sonicated 

 

Analysis of Variance: 

Source          DF     Adj SS     Adj MS     F-Value   P-Value 

Starch type    2   0,000005   0,000003   21,32       0,017 

Error             3   0,000000   0,000000 

Total            5    0,000005 

 

Model Summary: 

S      R-sq         R-sq(adj)     R-sq(pred) 

0,0003443   93,43%     89,04%       73,71% 

 

Coefficients: 

Term                                   Coef         SE Coef      T-Value   P-Value   VIF 

Constant                            0,006696      0,000141      47,63      0,000 

Starch type 

Chickpea Microfluidized   -0,000406     0,000199      -2,04        0,134      1,33 

Chickpea Native                  0,001271     0,000199       6,39        0,008      1,33 

 

Regression Equation: 

K = 0,006696 - 0,000406 Starch type_Chickpea Microfluidized 

+ 0,001271 Starch type_Chickpea Native - 0,000865 Starch type_Chickpea 

Sonicated 
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One-way ANOVA: n versus Starch type  

 

Means: 

Starch type                N     Mean     StDev     95% CI          

Chickpea Microfluidized  2      0,8941    0,0171    ( 0,8651;  0,9231) 

Chickpea Native           2      0,88820  0,00240  (0,85919; 0,91721) 

Chickpea Sonicated        2      0,8985    0,0141    ( 0,8695;  0,9275) 

 

Tukey Pairwise Comparisons:  

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch type                N      Mean    Grouping 

Chickpea Sonicated        2    0,8985   A 

Chickpea Microfluidized   2    0,8941   A 

Chickpea Native           2   0,88820   A 

 

Means that do not share a letter are significantly different. 

 

One-way ANOVA: K versus Starch type  

Means: 

Starch type                N     Mean         StDev         95% CI 

Chickpea Microfluidized   2      0,006290    0,000425   (0,005515; 0,007065) 

Chickpea Native           2      0,007967    0,000331   (0,007192; 0,008742) 

Chickpea Sonicated        2      0,005831    0,000256   (0,005056; 0,006606) 

 

Tukey Pairwise Comparisons  

Grouping Information Using the Tukey Method and 95% Confidence 
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Starch type                N       Mean    Grouping 

Chickpea Native           2   0,007967   A 

Chickpea Microfluidized   2   0,006290      B 

Chickpea Sonicated        2   0,005831      B 

Means that do not share a letter are significantly different. 

 

Table B. 2. Rheological properties of lentil starches 

General Linear Model: n versus Starch type  

Factor        Type        Levels  Values 

Starch type   Fixed      3        Lentil Microfluidized; Lentil Native; Lentil 

Sonicated 

 

Analysis of Variance: 

Source          DF    Adj SS      Adj MS       F-Value   P-Value 

Starch type    2     0,008359    0,004179      4,66        0,120 

Error            3     0,002690    0,000897 

Total            5     0,011048 

 

Model Summary: 

S      R-sq       R-sq(adj)     R-sq(pred) 

0,0299428   75,65%     59,42%       2,62% 

 

Coefficients: 

Term                           Coef        SE Coef   T-Value   P-Value   VIF 

Constant                    0,8776    0,0122     71,79       0,000 

Starch type 

Lentil Microfluidized   -0,0294    0,0173    -1,70       0,188        1,33 

Lentil Native            -0,0233    0,0173     -1,35       0,271        1,33 
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Regression Equation: 

n = 0,8776 - 0,0294 Starch type_Lentil Microfluidized - 0,0233 Starch type_Lentil 

Native + 0,0527 Starch type_Lentil Sonicated 

 

General Linear Model: K versus Starch type  

Factor          Type     Levels  Values 

Starch type  Fixed     3           Lentil Microfluidized; Lentil Native; Lentil Sonicated 

 

Analysis of Variance: 

Source          DF    Adj SS      Adj MS   F-Value   P-Value 

Starch type    2      0,000012    0,000006     13,15       0,033 

Error            3      0,000001    0,000000 

Total            5      0,000013 

 

Model Summary: 

S      R-sq         R-sq(adj)    R-sq(pred) 

0,0006771   89,76%     82,94%      59,06% 

 

Coefficients: 

Term                          Coef           SE Coef    T-Value   P-Value   VIF 

Constant                 0,007148    0,000276    25,86      0,000 

Starch type 

Lentil Microfluidized  0,001536   0,000391     3,93       0,029        1,33 

Lentil Native          0,000348    0,000391     0,89       0,439        1,33 

 

Regression Equation: 

K = 0,007148 + 0,001536 Starch type_Lentil Microfluidized 

+ 0,000348 Starch type_Lentil Native - 0,001884 Starch type_Lentil Sonicated 
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One-way ANOVA: n versus Starch type  

 

Means: 

Starch type              N     Mean     StDev       95% CI 

Lentil Microfluidized   2     0,8482   0,0231     ( 0,7808;  0,9156) 

Lentil Native            2     0,8543    0,0461     ( 0,7869;  0,9217) 

Lentil Sonicated          2     0,93025  0,00573   (0,86287; 0,99763) 

 

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch type             N      Mean    Grouping 

Lentil Sonicated          2   0,93025   A 

Lentil Native            2    0,8543   A 

Lentil Microfluidized  2    0,8482   A 

 

Means that do not share a letter are significantly different. 

 

One-way ANOVA: K versus Starch type  

Means: 

Starch type             N    Mean       StDev         95% CI 

Lentil Microfluidized  2    0,008684   0,000192    (0,007160; 0,010207) 

Lentil Native           2    0,007496   0,001156    (0,005972; 0,009019) 

Lentil Sonicated       2    0,005263    0,000042    (0,003740; 0,006787) 

 

Tukey Pairwise Comparisons  
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Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch type             N       Mean    Grouping 

Lentil Microfluidized  2   0,008684   A 

Lentil Native           2   0,007496   A B 

Lentil Sonicated        2   0,005263             B 

 

Means that do not share a letter are significantly different. 

 

Table B. 3. NMR results of chickpea starches 

General Linear Model: T2 versus Starch Type  

Factor           Type   Levels  Values 

Starch Type  Fixed   3          Chickpea Microfluidized; Chickpea Native; Chickpea 

Sonicated 

 

Analysis of Variance: 

Source          DF    Adj SS      Adj MS     F-Value   P-Value 

Starch Type  2     0,034905    0,017452    42,50      0,001 

Error             5     0,002053    0,000411 

Total             7     0,036958 

 

Model Summary: 

S              R-sq         R-sq(adj)    R-sq(pred) 

0,0202649    94,44%     92,22%      87,46% 
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Coefficients: 

Term                                   Coef         SE Coef    T-Value   P-Value   VIF 

Constant                             0,24689    0,00730    33,84       0,000 

Starch Type 

Chickpea Microfluidized  -0,02056   0,00994     -2,07        0,094       1,17 

Chickpea Native               -0,07456    0,00994    -7,50         0,001      1,17 

 

Regression Equation: 

T2 = 0,24689 - 0,02056 Starch Type_Chickpea Microfluidized 

- 0,07456 Starch Type_Chickpea Native + 0,0951 Starch Type_Chickpea Sonicated 

 

Fits and Diagnostics for Unusual Observations: 

Obs      T2        Fit         Resid     Std Resid 

  7        0,2620  0,2263  0,0357   2,16  R 

 

One-way ANOVA: T2 versus Starch Type  

Means: 

Starch Type                      N     Mean      StDev     95% CI 

Chickpea Microfluidized  3     0,2263    0,0318    ( 0,1963;  0,2564) 

Chickpea Native               3     0,17233  0,00351  (0,14226; 0,20241) 

Chickpea Sonicated          2     0,34200  0,00283  (0,30516; 0,37884) 

  

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                      N     Mean      Grouping 

Chickpea Sonicated          2     0,34200   A 

Chickpea Microfluidized  3     0,2263        B 

Chickpea Native                3    0,17233          C 
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Means that do not share a letter are significantly different. 

 

Table B. 4. NMR results of lentil starches 

General Linear Model: T2 versus Starch Type  

Factor           Type    Levels  Values 

Starch Type  Fixed   3           Lentil Microfluidized; Lentil Native; Lentil Sonicated 

 

Analysis of Variance: 

Source           DF    Adj SS       Adj MS      F-Value    P-Value 

Starch Type   2      0,029772    0,014886    51,38        0,000 

Error              5      0,001448    0,000290 

Total              7      0,031221 

 

Model Summary: 

 S                 R-sq         R-sq(adj)     R-sq(pred) 

0,0170206   95,36%     93,50%       82,83% 

 

Coefficients: 

Term                            Coef         SE Coef   T-Value   P-Value   VIF 

Constant                       0,26150   0,00613    42,67       0,000 

Starch Type 

Lentil Microfluidized   0,05250   0,00835     6,29       0,001        1,17 

Lentil Native               -0,08150   0,00835    -9,76       0,000       1,17 

 

Regression Equation: 

T2 = 0,26150 + 0,05250 Starch Type_Lentil Microfluidized 

- 0,08150 Starch Type_Lentil Native + 0,02900 Starch Type_Lentil Sonicated 
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Fits and Diagnostics for Unusual Observations 

Obs     T2        Fit          Resid        Std Resid 

  4       0,2660  0,2905   -0,0245     -2,04  R 

  5       0,3150  0,2905    0,0245       2,04  R 

 

One-way ANOVA: T2 versus Starch Type  

Means: 

Starch Type                 N     Mean      StDev      95% CI 

Lentil Microfluidized  3     0,31400   0,01114   (0,28874; 0,33926) 

Lentil Native               3     0,1800     0,0000     ( 0,1547;  0,2053) 

Lentil Sonicated          2     0,2905     0,0346     ( 0,2596;  0,3214) 

 

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                 N    Mean      Grouping 

Lentil Microfluidized  3    0,31400    A 

Lentil Sonicated          2    0,2905       A 

Lentil Native               3    0,1800          B  

 

Means that do not share a letter are significantly different. 
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Table B. 5. Particle size analysis results of chickpea starches 

General Linear Model: D[4,3] versus Starch Type  

Factor           Type    Levels  Values 

Starch Type  Fixed   3           Chickpea Microfluidized; Chickpea Native; Chickpea 

Sonicated 

 

Analysis of Variance: 

Source          DF   Adj SS       Adj MS     F-Value    P-Value 

Starch Type   2     1493,59     746,795     229,43      0,001 

Error              3     9,76           3,255 

Total              5     1503,36 

 

Model Summary: 

 S             R-sq         R-sq(adj)    R-sq(pred) 

1,80416   99,35%     98,92%       97,40% 

 

Coefficients: 

Term                                  Coef      SE Coef   T-Value  P-Value   VIF 

Constant                            51,950    0,737       70,53       0,000 

Starch Type 

Chickpea Microfluidized  -14,65     1,04        -14,06      0,001      1,33 

Chickpea Native                 21,90     1,04         21,02      0,000      1,33 

 

Regression Equation: 

D[4,3] = 51,950 - 14,65 Starch Type_Chickpea Microfluidized 

+ 21,90 Starch Type_Chickpea Native - 7,25 Starch Type_Chickpea Sonicated 
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General Linear Model: Span versus Starch Type  

Factor          Type     Levels  Values 

Starch Type  Fixed   3           Chickpea Microfluidized; Chickpea Native; Chickpea 

Sonicated 

 

Analysis of Variance: 

Source          DF   Adj SS    Adj MS     F-Value    P-Value 

Starch Type   2     8,62550   4,31275    154,95      0,001 

Error              3     0,08350   0,02783 

Total              5     8,70900 

 

Model Summary: 

S                R-sq         R-sq(adj)    R-sq(pred) 

0,166830   99,04%     98,40%      96,17% 

 

Coefficients: 

Term                                  Coef      SE Coef   T-Value   P-Value   VIF 

Constant                             4,2843   0,0681     62,90       0,000 

Starch Type 

Chickpea Microfluidized  -1,1378   0,0963    -11,81      0,001       1,33 

Chickpea Native                1,6577   0,0963      17,21      0,000       1,33 

 

Regression Equation: 

Span = 4,2843 - 1,1378 Starch Type_Chickpea Microfluidized 

+ 1,6577 Starch Type_Chickpea Native - 0,5198 Starch Type_Chickpea Sonicated 
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One-way ANOVA: D[4,3] versus Starch Type  

Means: 

Starch Type                      N     Mean      StDev      95% CI 

Chickpea Microfluidized  2     37,300     0,283      ( 33,240;  41,360) 

Chickpea Native               2     73,8500   0,0707    (69,7900; 77,9100) 

Chickpea Sonicated          2     44,70       3,11         (  40,64;   48,76) 

 

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                      N   Mean       Grouping 

Chickpea Native               2    73,8500   A 

Chickpea Sonicated          2    44,70          B 

Chickpea Microfluidized  2    37,300        B 

 

Means that do not share a letter are significantly different. 

 

One-way ANOVA: Span versus Starch Type  

Means: 

Starch Type                       N     Mean     StDev       95% CI 

Chickpea Microfluidized   2     3,1465    0,0163    (2,7711; 3,5219) 

Chickpea Native                2     5,942      0,173      ( 5,567;  6,317) 

Chickpea Sonicated           2     3,765      0,231      ( 3,389;  4,140) 

 

Tukey Pairwise Comparisons  
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Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                     N     Mean    Grouping 

Chickpea Native               2     5,942    A 

Chickpea Sonicated          2     3,765         B 

Chickpea Microfluidized  2     3,1465       B 

 

Means that do not share a letter are significantly different. 

 

Table B. 6. Particle size analysis results of lentil starches 

General Linear Model: D[4,3] versus Starch Type  

Factor           Type    Levels  Values 

Starch Type  Fixed   3           Lentil Microfluidized; Lentil Native; Lentil Sonicated 

 

Analysis of Variance: 

Source          DF   Adj SS    Adj MS   F-Value   P-Value 

Starch Type   2    47,1633   23,5817   164,52     0,001 

Error              3     0,4300    0,1433 

Total              5    47,5933 

 

Model Summary: 

S                R-sq        R-sq(adj)     R-sq(pred) 

0,378594   99,10%     98,49%      96,39% 
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Coefficients: 

Term                            Coef       SE Coef   T-Value   P-Value   VIF 

Constant                       37,967    0,155       245,64     0,000 

Starch Type 

Lentil Microfluidized   0,283     0,219        1,30         0,286       1,33 

Lentil Native                3,283     0,219        15,02       0,001       1,33 

 

Regression Equation: 

D[4,3] = 37,967 + 0,283 Starch Type_Lentil Microfluidized 

+ 3,283 Starch Type_Lentil Native - 3,567 Starch Type_Lentil Sonicated 

 

General Linear Model: Span versus Starch Type  

Factor           Type   Levels  Values 

Starch Type  Fixed   3           Lentil Microfluidized; Lentil Native; Lentil Sonicated 

 

Analysis of Variance: 

Source         DF   Adj SS    Adj MS    F-Value   P-Value 

Starch Type   2    1,61361   0,80681    59,20      0,004 

Error              3    0,04088   0,01363 

Total              5    1,65450 

 

Model Summary: 

S                R-sq         R-sq(adj)    R-sq(pred) 

0,116740   97,53%     95,88%      90,12% 
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Coefficients: 

Term                            Coef      SE Coef   T-Value   P-Value   VIF 

Constant                      2,3103   0,0477      48,48       0,000 

Starch Type 

Lentil Microfluidized  0,2822   0,0674      4,19        0,025        1,33 

Lentil Native               0,4452    0,0674      6,60        0,007        1,33 

 

Regression Equation: 

Span = 2,3103 + 0,2822 Starch Type_Lentil Microfluidized 

+ 0,4452 Starch Type_Lentil Native - 0,7273 Starch Type_Lentil Sonicated 

 

One-way ANOVA: D[4,3] versus Starch Type  

Means: 

Starch Type                N     Mean     StDev      95% CI 

Lentil Microfluidized  2    38,2500  0,0707    (37,3980; 39,1020) 

Lentil Native               2    41,250    0,495      ( 40,398;  42,102) 

Lentil Sonicated          2    34,400    0,424      ( 33,548;  35,252) 

 

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                N     Mean     Grouping 

Lentil Native               2     41,250    A 

Lentil Microfluidized  2    38,2500      B 

Lentil Sonicated          2     34,400           C 

 

Means that do not share a letter are significantly different. 

 

One-way ANOVA: Span versus Starch Type  
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Means: 

Starch Type                 N    Mean     StDev     95% CI 

Lentil Microfluidized   2    2,5925   0,0474    (2,3298; 2,8552) 

Lentil Native                2    2,756     0,187      ( 2,493;  3,018) 

Lentil Sonicated           2    1,5830   0,0594    (1,3203; 1,8457) 

 

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                N     Mean    Grouping 

Lentil Native               2     2,756     A 

Lentil Microfluidized  2     2,5925   A 

Lentil Sonicated          2     1,5830       B 

 

Means that do not share a letter are significantly different. 

 

Table B. 7. Solubility of chickpea starches 

General Linear Model: Solubility versus Starch Type  

Factor          Type    Levels  Values 

Starch Type  Fixed  3           Chickpea Microfluidized; Chickpea Native; Chickpea 

Sonicated 

 

Analysis of Variance: 

Source           DF   Adj SS     Adj MS    F-Value   P-Value 

Starch Type   2      94,3290   47,1645    541,79     0,000 

Error              7      0,6094     0,0871 

Total              9      94,9384 
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Model Summary: 

S                R-sq        R-sq(adj)    R-sq(pred) 

0,295049   99,36%     99,17%      98,79% 

 

Coefficients: 

Term                                 Coef          SE Coef   T-Value   P-Value   VIF 

Constant                            11,7377    0,0942      124,65    0,000 

Starch Type 

Chickpea Microfluidized    0,807       0,127       6,35        0,000         1,28 

Chickpea Native                 3,487       0,136        25,61      0,000        1,28 

Regression Equation: 

Solubility = 11,7377 + 0,807 Starch Type_Chickpea Microfluidized 

+ 3,487 Starch Type_Chickpea Native - 4,294 Starch Type_Chickpea Sonicated 

 

One-way ANOVA: Solubility versus Starch Type  

Means: 

Starch Type                       N     Mean   StDev      95% CI 

Chickpea Microfluidized   4    12,544   0,395      ( 12,196;  12,893) 

Chickpea Native                3    15,2248  0,1555   (14,8220; 15,6276) 

Chickpea Sonicated           3     7,444     0,216     (  7,041;   7,847) 

 

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                      N     Mean      Grouping 

Chickpea Native                3    15,2248   A 

Chickpea Microfluidized   4    12,544         B 

Chickpea Sonicated           3     7,444              C 
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Means that do not share a letter are significantly different. 

 

Table B. 8. Swelling power of chickpea starches 

General Linear Model: Swelling Power versus Starch Type  

Factor           Type   Levels  Values 

Starch Type  Fixed  3            Chickpea Microfluidized; Chickpea Native; Chickpea 

Sonicated 

 

Analysis of Variance: 

Source         DF   Adj SS   Adj MS    F-Value   P-Value 

Starch Type   2    7,0643    3,53217     61,45       0,000 

Error              7    0,4024    0,05748 

Total              9    7,4667 

 

Model Summary: 

S                R-sq         R-sq(adj)     R-sq(pred)  

0,239748   94,61%     93,07%       88,39% 

 

Coefficients: 

Term                                 Coef       SE Coef   T-Value   P-Value   VIF 

Constant                            9,2566   0,0765      120,98     0,000 

Starch Type 

Chickpea Microfluidized   0,967    0,111        8,74         0,000       1,28 

Chickpea Native               -1,043    0,103       -10,11       0,000      1,28 

 

Regression Equation: 

Swelling Power = 9,2566 + 0,967 Starch Type_Chickpea Microfluidized 

- 1,043 Starch Type_Chickpea Native + 0,076 Starch Type_Chickpea Sonicated 
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One-way ANOVA: Swelling Power versus Starch Type  

Means: 

Starch Type                      N    Mean     StDev       95% CI 

Chickpea Microfluidized  3    10,223    0,336      ( 9,896; 10,551) 

Chickpea Native               4     8,2135   0,1642    (7,9301; 8,4970) 

Chickpea Sonicated          3     9,333     0,219      ( 9,006;  9,660) 

 

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                       N    Mean    Grouping 

Chickpea Microfluidized   3    10,223   A 

Chickpea Sonicated           3     9,333       B 

Chickpea Native                4     8,2135        C 

 

Means that do not share a letter are significantly different. 

 

Table B. 9. Solubility of lentil starches 

General Linear Model: Solubility versus Starch Type  

Factor           Type    Levels  Values 

Starch Type  Fixed   3           Lentil Microfluidized; Lentil Native; Lentil Sonicated 

 

Analysis of Variance: 

Source           DF  Adj SS   Adj MS   F-Value   P-Value 

Starch Type   2    26,761    13,3807    29,55      0,001 

Error              6    2,717      0,4529 

Total              8    29,478 
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Model Summary: 

S                R-sq         R-sq(adj)   R-sq(pred) 

0,672948   90,78%    87,71%      79,26% 

 

Coefficients: 

Term                             Coef       SE Coef   T-Value    P-Value   VIF 

Constant                       12,365    0,224        55,12        0,000 

Starch Type 

Lentil Microfluidized  -0,349     0,317        -1,10         0,313       1,33 

Lentil Native                 2,265     0,317         7,14         0,000       1,33 

 

Regression Equation: 

Solubility = 12,365 - 0,349 Starch Type_Lentil Microfluidized 

+ 2,265 Starch Type_Lentil Native - 1,916 Starch Type_Lentil Sonicated 

 

One-way ANOVA: Solubility versus Starch Type  

Means: 

Starch Type                 N    Mean   StDev     95% CI 

Lentil Microfluidized   3   12,016   0,581    (11,065; 12,967) 

Lentil Native                3   14,630   0,922    (13,679; 15,581) 

Lentil Sonicated           3   10,450   0,414    ( 9,499; 11,400) 

 

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                N    Mean     Grouping 

Lentil Native               3    14,630    A 

Lentil Microfluidized  3    12,016       B 

Lentil Sonicated          3    10,450        B 
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Means that do not share a letter are significantly different. 

 

Table B. 10. Swelling power of lentil starches 

General Linear Model: Swelling Power versus Starch Type  

Factor           Type   Levels  Values 

Starch Type  Fixed   3          Lentil Microfluidized; Lentil Native; Lentil Sonicated 

 

Analysis of Variance: 

Source           DF   Adj SS     Adj MS    F-Value   P-Value 

Starch Type   2     2,16746    1,08373    138,58      0,000 

Error              6     0,04692    0,00782 

Total              8     2,21438 

 

Model Summary: 

S                  R-sq         R-sq(adj)    R-sq(pred) 

0,0884310   97,88%     97,17%      95,23% 

 

Coefficients: 

Term                              Coef         SE Coef    T-Value   P-Value   VIF 

Constant                         10,9559    0,0295      371,68     0,000 

Starch Type 

Lentil Microfluidized   0,4155     0,0417       9,97        0,000        1,33 

Lentil Native               -0,6892     0,0417      -16,53      0,000        1,33 

 

Regression Equation: 

Swelling Power = 10,9559 + 0,4155 Starch Type_Lentil Microfluidized 

- 0,6892 Starch Type_Lentil Native + 0,2737 Starch Type_Lentil Sonicated 

 

 



 

 
 

91 
 

One-way ANOVA: Swelling Power versus Starch Type  

Means: 

Starch Type                  N     Mean      StDev        95% CI 

Lentil Microfluidized   3     11,3713   0,0709     (11,2464; 11,4963) 

Lentil Native                3     10,2667   0,1180     (10,1418; 10,3916) 

Lentil Sonicated           3     11,2296   0,0672     (11,1047; 11,3545) 

 

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                 N     Mean      Grouping 

Lentil Microfluidized  3     11,3713    A 

Lentil Sonicated          3     11,2296     A 

Lentil Native               3     10,2667        B 

 

Means that do not share a letter are significantly different. 

 

Table B. 11. Thermal properties of chickpea starches   

General Linear Model: To versus Starch Type  

Factor          Type    Levels  Values 

Starch Type  Fixed  3            Chickpea Microfluidized; Chickpea Native; Chickpea 

Sonicated 

 

Analysis of Variance: 

Source          DF   Adj SS    Adj MS    F-Value    P-Value 

Starch Type   2     60,933     30,4667    60,59       0,000 

Error              5     2,514       0,5028 

Total              7      63,447 
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Model Summary: 

S                R-sq         R-sq(adj)    R-sq(pred) 

0,709093   96,04%     94,45%      90,91% 

 

Coefficients: 

Term                                   Coef       SE Coef   T-Value   P-Value   VIF 

Constant                             63,974    0,255        250,58     0,000 

Starch Type 

Chickpea Microfluidized  -3,204      0,348        -9,21        0,000       1,17 

Chickpea Native                 3,169      0,348         9,11        0,000       1,17 

 

Regression Equation: 

To = 63,974 - 3,204 Starch Type_Chickpea Microfluidized 

+ 3,169 Starch Type_Chickpea Native + 0,036 Starch Type_Chickpea Sonicated 

 

Fits and Diagnostics for Unusual Observations: 

Obs      To         Fit          Resid        Std Resid 

  1        65,970   67,143   -1,173       -2,03  R 

 

General Linear Model: Tp versus Starch Type  

Factor           Type   Levels  Values 

Starch Type  Fixed  3           Chickpea Microfluidized; Chickpea Native; Chickpea 

Sonicated 

 

Analysis of Variance: 

Source           DF   Adj SS   Adj MS    F-Value   P-Value 

Starch Type   2     47,550    23,7751    84,07       0,000 

Error              5     1,414      0,2828 

Total              7     48,964 
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Model Summary: 

S                R-sq          R-sq(adj)   R-sq(pred) 

0,531802   97,11%     95,96%       93,34% 

 

Coefficients: 

Term                                  Coef       SE Coef    T-Value   P-Value   VIF 

Constant                             70,982    0,191        370,72     0,000 

Starch Type 

Chickpea Microfluidized   -2,362     0,261       -9,05        0,000        1,17 

Chickpea Native                  3,144     0,261        12,05      0,000        1,17 

 

Regression Equation: 

Tp = 70,982 - 2,362 Starch Type_Chickpea Microfluidized 

+ 3,144 Starch Type_Chickpea Native - 0,782 Starch Type_Chickpea Sonicated 

 

General Linear Model: Tc versus Starch Type  

Factor           Type   Levels  Values 

Starch Type  Fixed  3            Chickpea Microfluidized; Chickpea Native; Chickpea 

Sonicated 

 

Analysis of Variance: 

Source           DF   Adj SS   Adj MS   F-Value   P-Value 

Starch Type   2      17,893   8,9466     10,45       0,016 

Error              5      4,283     0,8565 

Total              7      22,176 

 

Model Summary: 

S                R-sq         R-sq(adj)     R-sq(pred) 

0,925476   80,69%     72,96%       55,64% 
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Coefficients: 

Term                                  Coef        SE Coef    T-Value  P-Value   VIF 

Constant                             79,333    0,333         238,09    0,000 

Starch Type 

Chickpea Microfluidized   -0,450     0,454        -0,99        0,367       1,17 

Chickpea Native                  2,043     0,454         4,50        0,006       1,17 

 

Regression Equation: 

Tc = 79,333 - 0,450 Starch Type_Chickpea Microfluidized 

+ 2,043 Starch Type_Chickpea Native - 1,593 Starch Type_Chickpea Sonicated 

 

Fits and Diagnostics for Unusual Observations: 

Obs      Tc        Fit          Resid     Std Resid 

  2       83,000   81,377   1,623     2,15  R 

 

General Linear Model: Delta H versus Starch Type  

Factor           Type    Levels  Values 

Starch Type  Fixed    3          Chickpea Microfluidized; Chickpea Native; Chickpea 

Sonicated 

 

Analysis of Variance: 

Source           DF   Adj SS    Adj MS   F-Value   P-Value 

Starch Type   2      5,9556    2,9778     23,11       0,003 

Error              5      0,6443    0,1289 

Total              7      6,5999 

 

Model Summary: 

S                R-sq         R-sq(adj)    R-sq(pred) 

0,358971   90,24%     86,33%      73,51% 
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Coefficients: 

Term                                  Coef     SE Coef   T-Value   P-Value   VIF 

Constant                             8,477    0,129       65,59       0,000 

Starch Type 

Chickpea Microfluidized  -1,155    0,176      -6,56        0,001       1,17 

Chickpea Native                 0,734    0,176       4,17        0,009       1,17 

 

Regression Equation: 

Delta H = 8,477 - 1,155 Starch Type_Chickpea Microfluidized 

+ 0,734 Starch Type_Chickpea Native + 0,421 Starch Type_Chickpea Sonicated 

 

One-way ANOVA: To versus Starch Type  

Means: 

Starch Type                       N    Mean    StDev       95% CI 

Chickpea Microfluidized   3    60,770   0,250     (59,718; 61,822) 

Chickpea Native                3    67,143   1,078     (66,091; 68,196) 

Chickpea Sonicated           2    64,010   0,255     (62,721; 65,299) 

  

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                     N    Mean      Grouping 

Chickpea Native               3    67,143    A 

Chickpea Sonicated          2    64,010        B 

Chickpea Microfluidized  3    60,770           C 

 

Means that do not share a letter are significantly different. 
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One-way ANOVA: Tp versus Starch Type  

 

Means: 

Starch Type                       N     Mean       StDev     95% CI 

Chickpea Microfluidized   3     68,6200   0,1153    (67,8307; 69,4093) 

Chickpea Native                3     74,127     0,819      ( 73,337;  74,916) 

Chickpea Sonicated           2     70,200     0,212      ( 69,233;  71,167) 

  

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                      N     Mean    Grouping 

Chickpea Native               3     74,127   A 

Chickpea Sonicated          2     70,200       B 

Chickpea Microfluidized  3     68,6200         C 

 

Means that do not share a letter are significantly different. 

 

One-way ANOVA: Tc versus Starch Type  

Means: 

Starch Type                       N     Mean     StDev     95% CI 

Chickpea Microfluidized   3    78,8833   0,0404    (77,5098; 80,2569) 

Chickpea Native                3     81,377    1,443      ( 80,003;  82,750) 

Chickpea Sonicated           2     77,740    0,339      ( 76,058;  79,422) 

 

Tukey Pairwise Comparisons  
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Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                      N      Mean     Grouping 

Chickpea Native                3     81,377     A 

Chickpea Microfluidized   3    78,8833        B 

Chickpea Sonicated           2     77,740          B 

 

Means that do not share a letter are significantly different. 

 

One-way ANOVA: Delta H versus Starch Type  

Means: 

Starch Type                       N    Mean   StDev     95% CI 

Chickpea Microfluidized   3    7,322    0,355     (6,789; 7,854) 

Chickpea Native                3    9,211    0,333     (8,679; 9,744) 

Chickpea Sonicated           2    8,898    0,413     (8,246; 9,551) 

 

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                      N   Mean   Grouping 

Chickpea Native               3    9,211    A 

Chickpea Sonicated          2    8,898    A 

Chickpea Microfluidized  3    7,322        B 

 

Means that do not share a letter are significantly different. 
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Table B. 12. Thermal properties of lentil starches 

General Linear Model: To versus Starch Type  

Factor           Type   Levels  Values 

Starch Type  Fixed  3            Lentil Microfluidized; Lentil Native; Lentil Sonicated 

 

Analysis of Variance: 

Source          DF    Adj SS    Adj MS    F-Value    P-Value 

Starch Type   2     15,3672    7,68362   306,94      0,000 

Error              3     0,0751      0,02503 

Total              5     15,4423 

 

Model Summary: 

S                R-sq         R-sq(adj)    R-sq(pred) 

0,158219   99,51%     99,19%      98,05% 

 

Coefficients: 

Term                               Coef        SE Coef   T-Value   P-Value   VIF 

Constant                         56,9567   0,0646      881,78     0,000 

Starch Type 

Lentil Microfluidized   -1,9517     0,0913     -21,37      0,000        1,33 

Lentil Native                  1,9683     0,0913      21,55      0,000        1,33 

 

Regression Equation: 

To = 56,9567 - 1,9517 Starch Type_Lentil Microfluidized 

+ 1,9683 Starch Type_Lentil Native - 0,0167 Starch Type_Lentil Sonicated 

 

General Linear Model: Tp versus Starch Type  

Factor           Type   Levels  Values 

Starch Type  Fixed  3           Lentil Microfluidized; Lentil Native; Lentil Sonicated 
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Analysis of Variance: 

Source           DF   Adj SS    Adj MS   F-Value  P-Value 

Starch Type   2      8,5874    4,29372   104,34    0,002 

Error              3      0,1235    0,04115 

Total              5      8,7109 

 

Model Summary: 

S               R-sq         R-sq(adj)     R-sq(pred) 

0,202855  98,58%     97,64%       94,33% 

 

Coefficients: 

Term                             Coef         SE Coef   T-Value   P-Value   VIF 

Constant                        63,3383    0,0828     764,82     0,000 

Starch Type 

Lentil Microfluidized   -0,958       0,117      -8,18         0,004       1,33 

Lentil Native                  1,687       0,117       14,40       0,001       1,33 

 

Regression Equation: 

Tp = 63,3383 - 0,958 Starch Type_Lentil Microfluidized + 1,687 Starch Type_Lentil 

Native - 0,728 Starch Type_Lentil Sonicated 

 

General Linear Model: Tc versus Starch Type  

Factor           Type   Levels  Values 

Starch Type  Fixed  3           Lentil Microfluidized; Lentil Native; Lentil Sonicated 
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Analysis of Variance: 

Source           DF   Adj SS    Adj MS   F-Value   P-Value 

Starch Type   2     18,2414   9,12072    242,04    0,000 

Error              3     0,1131     0,03768 

Total              5     18,3545 

 

Model Summary: 

S                R-sq         R-sq(adj)    R-sq(pred) 

0,194122   99,38%     98,97%       97,54% 

 

Coefficients: 

Term                             Coef         SE Coef   T-Value   P-Value   VIF 

Constant                        72,2183   0,0792      911,27     0,000 

Starch Type 

Lentil Microfluidized   -0,808       0,112      -7,21         0,005       1,33 

Lentil Native                  2,422      0,112        21,61       0,000       1,33 

 

Regression Equation: 

Tc = 72,2183 - 0,808 Starch Type_Lentil Microfluidized + 2,422 Starch Type_Lentil 

Native - 1,613 Starch Type_Lentil Sonicated 

 

General Linear Model: Delta H versus Starch Type  

Factor           Type   Levels  Values 

Starch Type  Fixed  3           Lentil Microfluidized; Lentil Native; Lentil Sonicated 

 

Analysis of Variance: 

Source           DF   Adj SS     Adj MS   F-Value   P-Value 

Starch Type    2     11,2161   5,60804   2003,49    0,000 

Error               3     0,0084     0,00280 

Total               5     11,2245 
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Model Summary: 

S                  R-sq         R-sq(adj)    R-sq(pred) 

0,0529068   99,93%     99,88%       99,70% 

 

Coefficients: 

Term                               Coef      SE Coef   T-Value   P-Value   VIF 

Constant                         5,8373   0,0216      270,26     0,000 

Starch Type 

Lentil Microfluidized   -1,8881   0,0305      -61,81      0,000      1,33 

Lentil Native                  1,3051   0,0305       42,73      0,000      1,33 

 

Regression Equation: 

Delta H = 5,8373 - 1,8881 Starch Type_Lentil Microfluidized 

+ 1,3051 Starch Type_Lentil Native + 0,5830 Starch Type_Lentil Sonicated 

  

One-way ANOVA: To versus Starch Type  

Means: 

Starch Type                  N     Mean       StDev     95% CI 

Lentil Microfluidized   2      55,005     0,205     ( 54,649;  55,361) 

Lentil Native                2      58,925     0,177     ( 58,569;  59,281) 

Lentil Sonicated           2      56,9400   0,0424   (56,5840; 57,2960) 
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Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                N     Mean     Grouping 

Lentil Native               2     58,925    A 

Lentil Sonicated          2     56,9400      B 

Lentil Microfluidized  2     55,005            C 

Means that do not share a letter are significantly different. 

 

 One-way ANOVA: Tp versus Starch Type  

Means: 

Starch Type                 N     Mean    StDev       95% CI 

Lentil Microfluidized   2    62,380   0,226     (61,924; 62,836) 

Lentil Native                2    65,025   0,219     (64,569; 65,481) 

Lentil Sonicated           2    62,610   0,156     (62,154; 63,066) 

 

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                N    Mean    Grouping 

Lentil Native               2    65,025   A 

Lentil Sonicated          2    62,610         B 

Lentil Microfluidized  2    62,380         B 

 

Means that do not share a letter are significantly different. 
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One-way ANOVA: Tc versus Starch Type  

 

Means:    

 Starch Type                 N     Mean       StDev       95% CI 

Lentil Microfluidized   2     71,4100    0,1273     (70,9732; 71,8468) 

Lentil Native                2      74,640     0,311       ( 74,203;  75,077) 

Lentil Sonicated           2      70,6050   0,0071     (70,1682; 71,0418) 

 

Tukey Pairwise Comparisons  

 

Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                  N     Mean      Grouping 

Lentil Native                2      74,640     A 

Lentil Microfluidized   2     71,4100        B 

Lentil Sonicated           2     70,6050         B 

 

Means that do not share a letter are significantly different. 

 

One-way ANOVA: Delta H versus Starch Type  

Means: 

Starch Type                  N    Mean     StDev      95% CI 

Lentil Microfluidized   2     3,9492    0,0348    (3,8301; 4,0683) 

Lentil Native                2     7,1424    0,0737    (7,0233; 7,2615) 

Lentil Sonicated           2     6,4203    0,0419    (6,3012; 6,5393) 

 

Tukey Pairwise Comparisons  
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Grouping Information Using the Tukey Method and 95% Confidence 

 

Starch Type                 N    Mean    Grouping 

Lentil Native                2    7,1424    A 

Lentil Sonicated           2    6,4203        B 

Lentil Microfluidized   2    3,9492            C 

 

Means that do not share a letter are significantly different. 
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