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PIGEONPEA STARCH
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CHEMICAL PROPERTIES OF MODIFIED STARCH.. ADVISOR: ASST. PROF. PASAWADEE
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The effects of the presence of calcium ions (Ca?") during heat-moisture treatmant (HMT) at a 30% moisture content
and 110°C for 1 h on the structures and properties of pigeonpea [Cajanus cajan (L.) Millsp.] starch were examined. Calcium
hydroxide (Ca(OH),), calcium chloride (CaCly) and calcium lactate (CsH10CaOg) were used at Ca®*-starch ratios (g/g) of 0:1,
0.0001:1, 0.0004:1 and 0.0007:1. The effects of HMT temperature (100-120°C) and time (1-2 h) were also studied using
Ca(OH), at Ca**-starch ratios of 0:1 and 0.0007:1. The starches were analysed with microscopy (light,polarized light and
scanning electron) and X-ray diffraction, as well as for swelling power, % solubility, amylose leaching, pasting properties,
freeze-thaw stability, rheological properties (steady shear and dynamic) at 25°C and thermal properties. Granules of native
starch, HMT starch in the absence of calcium compound (HMT-starch) and HMT starch in the presence of calcium compound
(HMT-Ca starch) were of round and oval shape. The HMT-starch and HMT-Ca starches showed loss of birefringence at the
granule center. The presence of calcium compounds led to a greater loss of birefringence. The native starch exibited a C-type
crystalline pattern with 38.02% relative crystallinity (RC). Upon HMT, a crystalline pattern changed to A- type and % RC was at
least 18% and 11% lower for HMT-starch and HMT-Ca starches, respectively. An increase in Ca*'-starch ratio increased % RC.
Using Ca(OH), or C¢H1oCaOg led to a decrease in swelling power, % solubility and amylose leaching. For pasting properties. the
peak, trough, breakdown and setback, which were prominent in the native starch, were absent in the HMT -starch and HMT-Ca
starches. For all the calcium compounds used, an increasing Ca?*-starch ratio decreased the viscosities at the end of the heating
period at 95°C (1) and the cooling period at 50°C (n). Using Ca(OH), or CsH1,CaOg had a stronger effect of the Ca*'-starch
ratio on n, and n than using CaCl,. The Ca(OH), gave the best freeze-thaw stability starch. All starch suspensions (5% w/w)
showed pseudo-plastic with a yield stress following the Herschel-Bulkley model. As regerds the use of Ca(OH), and C¢H10CaOg,
an increase in Ca?*-starch ratio decreased the consistency coefficient (K) along with increased the flow behavior index (n), but did
not affect yield stress (to). At their linear viscoelastic region (0.1-10 Hz and 1% strain), all starch gels also exhibited an elastic-
like solid. The HMT-Ca starches had lower storage modulus (G’) than the native starch and the HMT-starch. The native starch
gave the lowest gelatinization temperatures, while the HMT-Ca starches gave the highest gelatinization temperatures. An
increase in the Ca®*-starch ratio increased gelatinization temperatures but decreased the gelatinization enthalpy. After storage at
5°C for 7 and 14 days, the regelatinization peak had a lower temperature than the gelatinization peak. After 14 days storage, the
% retrogradation of native starch was 61.98, and that of HMT and HMT-Ca starches was at least 14.18% and 49.64% lower,
respectively. Using Ca(OH), and CgH;0CaOg retarded starch retrogradation better than using CaCl,. Increases in HMT
temperature and time caused greater loss of birefringence at the granule center and the gelatinization temperatures of HMT-starch
and HMT-Ca starches. They also decreased nn, 1, Swelling power, % solubility, amylose leaching, % retrogradation and % RC
of these starches. Using Ca(OH), starch at the Ca*-starch ratio of 0.0007:1, HMT at 120°C for 2 h gave the best freeze-thaw
stability starch.
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CHAPTER |
INTRODUCTION

Starch, a renewable resource, possesses diverse functional properties. It thus
has been widely used for numerous applications in various industries, including food
and non-food (Adebowale et al., 2005). However, use of native starches sometimes
does not provide optimal properties for the design of quality products. Furthermore,
native starches still have some drawbacks, which can impair product quality. Such
suboptimal properties include retrogradation, syneresis, and instability to heat, shear
and pH (Nayouf et al., 2003; Watcharatewinkul et al., 2009; Yadav et al., 2013). The
modified starch method is a promising approach to increase the utilizations of starch
and make it practical in many applications. Moreover, the functionality of starch
depends upon starch type and modifications. The combination between modification
methods could produce starch for different products since chemical and physical
modifications cause changes in starch structures and result in property changes.
Physical modification is a simple, low cost process and is considered environmentally
friendly (Sun et al., 2014). The physically modified starch is regarded as natural and
safe. Thus, it is a product that fits well current consumer trends (Jacobs and Delcour,
1998; Lawal, 2005; Li et al., 2011; Watcharatewinkul et al., 2009). Heat-moisture
modification/treatment (HMT) is a physical modification technique in which starch is
modified by heating at limited moisture content (< 35% w/w) and high temperatures
(= 84-120°C for 15 min-16 h) (da Rosa Zavareze and Dias, 2011; Li et al., 2011;

Olayinka et al., 2008; Varatharajan et al., 2010). The effect of HMT on starch



depends on the treatment condition, particularity moisture content, temperatures and
processing time.

Even though the granule structure was not destroyed during the treatment,
changes in X-ray diffraction patterns were found. It has been suggested that the
original double helices in the amorphous region and crystalline structure of the native
granule are disrupted and recrystallization occurs resulting in the formation of new
crystallites (Lawal, 2005; Osundahunsi et al., 2011; Pukkahuta et al., 2008). Due to
the reorganization of amylose and amylopectin inside the starch granule, its
physicochemical properties changed (Jiranuntakul et al., 2011). Compared to native
starch, heat-moisture treated starch (HMT-starch) has a higher gelatinization
temperature but less granule swelling and amylose leaching (da Rosa Zavareze and
Dias, 2011; Hoover et al., 1993; Sun et al., 2014). This indicates that HMT increases
the stability of starch against heat. It has been reported that this treatment leads to a
reduction of starch retrogradation and promotes freeze-thaw stability (da Rosa
Zavareze and Dias, 2011).

In thermal-alkaline treatment, whole grains are boiled in a calcium hydroxide
(Ca(OH),) solution for 30-60 min, and then soaked in the alkaline solution for 12-16 h
(Bryant and Hamaker, 1997; Mondragon et al., 2004b; Sefa-Dedeh et al., 2004).
Partial melting of starch granules, solubilization and denaturation of protein,
saponification of lipids, and leaching of amylose occur during this treatment (Mendez-
Montealvo et al., 2006; Mondragon et al., 2004a). When using Ca(OH),, it was
reported that calcium ion complexes with amylose, amylose-lipid and protein were
formed (Ruiz-Guiérrez et al., 2012). It was determined by thermal analysis with a

differential scanning calorimeter that the onset, peak and conclusion temperatures



increased by replacing Ca(OH), solution with a solution of either calcium chloride
(CaCly) or calcium lactate (CgH10CaOg) in the soaking step. Soaking in a CgH10CaOg
solution gave the highest values of these transition temperatures (Ruiz-Guiérrez et al.,
2012). This modification process gives flour for making Mesoamerican breads and
snacks.

In Thailand pigeonpea is an under-utilized crop, therefore, studies of its
utilization will give high priority to the social and economic constraints to farmers.
Pigeon pea grain is not commonly used for local food and is used for animal feed
(Wallis et al., 1988). Land Developing Department of Thailand has been promoting
pigeon pea planting to improve soil quality. The seed yield is about 880 to 1,220
kg/rai (Phaikaew et al., 1996). The seed had high in starch content but low in fat
content. Starch from this crops should be fully utilized either to make value added
products. The knowledge on structures and properties of its starch will facilitate its
utilization for industrial applications, which will benefit farmers and industries in
Thailand. Through modification, more applications can be derived from this starch.

This research aimed to combine physical modification (HMT) with mild
chemical modification using calcium compounds by HMT in the presence of a
calcium compound. The calcium compounds used in this study were food additives
permitted by The Food and Drugs Administrations (FDAs) of many countries. For
this modification, the calcium solutions were used instead of distilled water. The
starch-Ca interactions, which might occur during modification, could stabilize starch
granules. Therefore HMT in the presence of a calcium compound might give different
structures and physicochemical properties of starch from HMT in the absence of any

calcium compounds. Hence, this modification will broaden the properties of starch for



various applications. Interestingly, the starch in this research is pigeonpea starch, as it
is low in fat content.

Hypothesis and Objectives: This research is based upon the hypothesis that
the presence of calcium compounds as well as temperature and time used during HMT
are responsible for the structures and physicochemical properties of starch. Therefore,
this research aimed:

1. To determine the impact of the presence of different calcium compounds,
namely Ca(OH),, CaCl, and CgH10CaOs, during heat-moisture treatment
and the weight ratio of calcium ions to starch (Ca**-starch ratio) on the
structures and physicochemical properties of starch.

2. To investigate the influence of temperature and time of heat-moisture
treatment on the structures and physicochemical properties of HMT-starch

and HMT-Ca starch.



CHAPTER Il
LITERATURE REVIEWS

2.1 Pigeonpea grains

Pigeonpea grains (Figure 2.1) is high in starch content (33-45%). The protein
and fat contents in pigeonpea grains are 19% and 3%, respectively (Nwokolo, 1987;
Roskhrua et al., 2014). Its starch granules are kidney-like in shape (Figure 2.2) with

sizes ranging from 4.88 to 60.87 um in diameter (Roskhrua et al., 2014).

Figure 2.1 Pigeonpea grains
Source: http://www.tropicalforages.info/key/Forages/Media/Html/
Tropical Forages (2016)

Figure 2.2 Scanning electron microscope images of pigeonpea starch granules
Source: Roskhrua et al. (2014)
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Pigeonpeas (Cajanus cajan L) can grow under poor soil conditions and
tolerate dry weather in Australia, Thailand, Indonesia and India (Duke, 1981; Odeny,
2007). It gives high yields of dry seed. These have led to increase interest in the crop.
In Thailand, pigeonpea is grown in the north, northeast and in some parts of the south

(Fa3ou Indels qdn wuzed uaz Jswa sssugm, 2521). Pigeonpeas are both a food crop (dried

peas, flour or green vegetable) and a cover crop (Kaushal et al., 2012). It is used in
both human consumption and animal feed (Hoover et al., 1993).
2.2 Starch

Starch consists of two polymers—amylose and amylopectin. Starch naturally
occurs in the form of a biopolymer granule giving with a unique physical and
chemical characteristics (Jacobs and Delcour, 1998). Starch is generally stored in
plant cells, including in the leaf, seed, roots, tubers and cereal grains. Starch granule
has various sizes and shapes depending on the plant species and locations (Jacobs and
Delcour, 1998; Klein et al., 2013). The ratio between amylose and amylopectin varies
with plant species (Zobel and Stephen, 1995). The chemical compositions and
granular structure of starch affect its functional properties (Jayakody and Hoover,
2008; Klein et al., 2013).

Amylose is a linear chain containing 99% o-(1, 4) and 0.5% a-(1, 6)
glucosidic linkages (Figure 2.3a). The sizes of amylose have been shown to vary
among botanical sources (Buléon et al., 1998; Jayakody and Hoover, 2008). The
degree of polymerization (DP) of amylose ranges from 324 to 4920 glucose units with
9 to 20 branch points (Smith, 1982). The amylose chain has a helical structure with
six anhydroglucose units per turn. Hydroxyl group of glucosyl residues are located on

the outer surface of the helix, while the internal cavity is a hydrophobic tube.



Therefore, hydrophobic complexing agents can lie within the inner amylose helices
and be stabilized by van der Waals’ forces between adjacent C-hydrogen of amylose
(Figure 2.3b). Its structure allows amylose to form a complex with fat or iodine (Bao
and Bergman, 2004; Whistler and BeMiller, 1999). Amylose chains can form inter-

hydrogen bonds and create a three-dimensional structure starch gel.

CH.OH CH‘OH

a)

b)

a-(1, 4) Glucosidic bond

- Amylose

Figure 2.3 Structures of amylose molecule
Source: Smith (1982)

Amylopectin (Figure 2.4) is a highly branched polymer formed by 95% a-(1,
4) glucosidic linkage as a backbone and 5% a-(1, 6) glucosidic linkage branches
(Hizukuri, 1985). The DP of amylopectin has been shown to range from 9600 to
15,900 (Buléon et al., 1998; Jayakody and Hoover, 2008; Morrison and Karkalas,

1990).
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Figure 2.4  Structures of amylopectin molecule
Source: Smith (1982)

In amylopectin, short unit chains are clustered together, and the units of
clusters are interconnected by longer chains. The model for the fine structure of
amylopectin is polymodal distribution proposed by Hizukuri (1986) as shown in
Figure 2.5. In this model, the amylopectin molecule consist of a main chain (C-chain),
support chains (B-chain), and outer chains (A-chain). The definitions of the different
types of chains and segments of chains, included in this structure are outlined in
Figure 2.5 as follows (Hizukuri, 1985):

e The C-chain carries the one reducing end group of the
amylopectin molecule and carries other chains. There is only
one C-chain per amylopectin molecule and it can be identified
by a reducing end located only in the C-chain.

e The B-chain is the chain that connects to the C-chain and/or
other B-chains, which can be further divided into B1, B2, and
B3 depending on their respective length and the number of

clusters their span describe as following:



o Bl-chains extend within a single cluster; B1-
chains generally have a DP of 15-25,

o B2-chains extend between two clusters, and so
on. By extending clusters, these longer chains
provide structural integrity for the whole
molecule, and also the long ranging correlations
within the granule. B2-chains typically have a
DP of 40-50, and

o B3-chains extend between three clusters and are
longer than B1 and B2. B3-chains with a DP of
>37.

A-chains are of a-(1, 6) glucosidic linkage with the B-chains
which in turn can be linked to other B-chains or the backbone
of the amylopectin molecule (C-chain). The A-chains are
shortest (DP= 6-15) and are linked to the amylopectin
molecule by a single a-(1, 6) glucosidic linkage. Being linked
by a single a-(1, 6) glucosidic bond, A-chains are identified as

outer chains.
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Figure 2.5 Cluster model of amylopectin. C = C-chain (reducing end). Solid lines
indicate a-(1—>4)-D-glucan chain; arrows indicated a-(1—>6) linkage
Source: Hizukuri (1985)

The crystalline structures of starch are identified and classified into A,
B, or C type through X-ray diffraction patterns (Zobel and Stephen, 1995). The
differences between A and B crystalline structures are packing of the helices water
content as shown in Figure 2.6 and the quantity of water molecules stabilizing them
(Zobel and Stephen, 1995). Double helices of A-type crystalline forms in a
monoclinic lattice with unit cell parameters of 2.124 nm wide, 1.172 nm thick and
1.069 nm high with A equaling 123.5°. The crystalline has maltotriose as a repeating
unit and 4 water molecules per 12 glucose residues, 3.6%, per unit cell. B-type
crystalline forms in a hexagonal lattice with unit cell parameters of 1.85 nm wide as
well as 1.85 nm thick and 1.04 nm. B-crystalline has a greater “opening” between the
packing of double helices and a maltose moiety as a repeating unit as well as 36 water

molecules, comprising 25%, per cell unit (Hizukuri, 1996; Imberty et al., 1991).
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A type

B type

Figure 2.6 Three dimensional crystalline structures for crystalline type A and B
Source: Zobel and Stephen (1995)

The A-pattern is found in cereal starch while the B-pattern is found in
root and tuber starches. The C-pattern is a mixture of the A- and B-patterns and found
in beans and peas (Huang et al., 2007; Singh et al., 2006; Zobel et al., 1988). Figure
2.7 shows the X-ray diffraction pattern of starch. Pigeonpea starch was reported to
have the typical crystallinity pattern of pea starch, the C-type (Kaur and Sandhu,
2010; Ratnayake et al., 2001). Table 2.1 shows the X-ray diffraction characteristics
for these three crystalline types (Hizukuri, 1996). According to Bogracheva et al.
(1999), pea starches have a weak intensity peak at 5.6° 20, which is characteristically

the B-type polymorph, a strong peak at 17.9° 20, characteristically the A-type
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polymorphs, and another peak at 17° 26 a combination of A and B type polymorphs.
The position of small peaks in pea starches can be anywhere between a 5 and 6 degree
goniometer angle and various 20 angle locations as reported by Ratnayake et al.

(2002).

Potato (B)

Lotus (C)

Diffraction intensity

Waxy rice (A)

PR I U U U U Y O U T A T O O A A A
5 10 15 20 25 30
Diffraction angle (20)

Figure 2.7 X-ray diffraction pattern for crystalline type A, B, and C
Source: Hizukuri (1996)

Table 2.1  X-ray diffraction peak characteristics for crystalline type A, B, and C

Crystalline Peak characteristics
type
Strong peak Weaker peak

A 15.18°,17.13°,18.03°,22.86° 20  11.49°, 20.06°, 26.69°, 30.36° 20
(5.83,5.17,4.91,3.89 A) (7.70,4.42,3.34,2.94 A)

B 6°,17.16° 20 15°, 21.82°, 24°, 34°, 58.29° 20
(14.71,5.16 A) (5.90, 4.07,3.7,2.63, 1.58 A)

C 17.2°,18.1°,23.1° 20 15.18°, 5.54° 26
(5.15, 4.98, 3.85 A) (5.8,15.7 A)

(Hoover and Sosulski, 1985; Horng, 2007; Ratnayake et al., 2001).
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2.2.1 Physical properties of the starch

The properties of starch suspension are similar to those of the synthetic
polymer solution which forms crystalline at low temperature (Walstra, 2003). It melts

at above a given temperature and forms microcrystallites on cooling.

2.2.1.1 Gelatinization and retrogradation

Gelatinization occurs when starch suspension in excess water
is heated. By soaking starch in water, the starch granules take up water and swell
slightly. Upon heating, the swelling of granules increase as water uptake and
temperature increase. Gelatinization occurs when starch granules are heated up to
their gelatinization temperature. The gelatinization temperature is the temperature at
with birefringence is first lost, and for starch depends on the botanical source
(\Varavinit et al., 2003). Loss of birefringence can be observed under polarized light.
Non-gelatinized starch granules show birefringence which results in what is referred
to as a ‘maltese cross’ pattern (Fitt and Snyder, 1984). When starch is heated with
water the insoluble granules are disrupted by the thermal energy supplied, resulting in
a loss of the molecular organization responsible for the crystallinity and penetration of
water. When the heating is continued, the hydrogen bonds of the starch chain are
weak and the crystallites/double helices are broken and melted (BeMiller and
Whistler, 1996). Swelling of the granules results in an increase in viscosity and
complete loss of crystallinity, as adjudged by the loss of birefringence. Some of the
amylose leaches from the granules while the amylopectin is inside and holds the

integrity of the swollen granules as illustrated in Figure 2.8 (Lu et al., 2009).
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Figure 2.8 Idealized diagram of the gelatinization of a starch granule
Source: Swinkels (1985)

During gelatinization, the thermal properties of starch are
determined by differential scanning calorimeter (DSC) as changing in endothermic
heat flow with increasing temperature. The thermal properties are gelatinization
temperatures [the onset (T,), peak (T,), conclusion (T¢)] and enthalpy of
gelatinization (AHg). For pigeonpea starch, T,, T, Tc and AHg were found to be in the
range of 72-74°C, 77-81°C, 82-87°C and 11-17 J/g, respectively (Hoover et al., 1993;
Roskhrua et al., 2014). The thermal properties are influenced by the molecular
architecture of the crystalline region, which corresponds to the distribution of
amylopectin short chains, DP 6-11 (Li et al., 2011; Noda et al., 1996). Gelatinization
involves the melting and uncoiling of the external chains of amylopectin that are
packed together as double helices in clusters. A higher gelatinization temperature is
an indication of more perfect crystals or a higher co-operative unit, longer chains in
the crystal or a larger crystal size (Miao et al., 2009). The AHg reflects the overall

crystallinity of amylopectin. The amount of double helical order in native starches
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should be strongly correlated to the amylopectin content and granule crystallinity
should increase with it and causes an increase in AHy (Tester and Morrison, 1990).
The AHq value is calculated from the area of the peak reflecting the loss of double
helical order of amylopectin as enthalpy used for gelatinization (Cooke and Gidley,
1992; Tester and Morrison, 1990).

The pasting properties/viscosities during swelling and
gelatinization can be recorded using a Rapid Visco Analyzer (RVA). Such highly
swollen granules are easily broken and disintegrated by stirring, resulting in a
decrease in viscosity. As starch granules swell, hydrated amylose molecules diffuse
through the mass to the water, a phenomenon responsible for aspects of paste
behavior. At the initial step, the viscosity increases rapidly with an increase in
temperature as the granules swell. The peak viscosity is reached when the granules
swelling have balanced with the granules broken by stirring. With continued stirring,
more granules rupture and fragment causing a further decrease in viscosity (Bao and
Bergman, 2004; Whistler and BeMiller, 1999).

On cooling gelatinized starch paste, the reassociation of some
starch molecules happens to form precipitate or gel (Whistler and BeMiller, 1999).
Retrogradation of the gelatinized starch solution occurs when a heated starch paste
cools to below the melting temperature of starch crystallites, and the amylose and
amylopectin re-associate and starch molecules partially reassociate to form a
precipitate or gel (Vandeputte et al., 2003). The retrogradation of starch proceeds in
two crystallization stages. In the first stage, the rigidity and crystallinity of starch gels
develop quickly by amylose gelation. In the second, the crystallinity develops slowly

by amylopectin (Miles et al., 1985; Yoshimura et al., 1996). Leached amylose can
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form and aggregate into double helices and then form microcrystallites. The rapid
initial rate of retrogradation relates to the development of amylose-amylose
aggregation, with amylose undergoing retrogradation with in one day after
gelatinization (Bao and Bergman, 2004; Lai et al., 2000; Mita, 1992). Amylopectin
forms shorter double helices which can be attributed to the restrictions imposed by the
branching structure of the amylopectin molecules. Amylopectin retrogradation
proceeds slowly over several weeks of storage and contributes to the long term
structural changes of the starch system (Bao and Bergman, 2004; Lai et al., 2000;
Mita, 1992). Because the amount of amylopectin in starch is greater than amylose,
most of the crystallites formed during long-term starch retrogradation are related to
the association of amylopectin chains (Jane and Robyt, 1984; Ring et al., 1987,
Sandhu and Singh, 2007; Vandeputte et al., 2003). Figure 2.9 describes the melting
and retrogradation of amylopectin as follows: a) new crystalline structure of
amylopectin is destroyed during heating in water, and b) its short-branched chain
forms a gel-ball, then c) single helix crystals form upon cooling, and finally d) new

crystalline forms during aging.
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Figure 2.9  Schematic representation for phrase transitions of starch during heating
and cooling and aging
Source: Yu and Christie (2005)

The retrogradation of gelatinized starch can be measured
using DSC by reheating the stored gelatinized starch (Chang and Liu, 1991). The rate
of retrogradation strongly depends on the temperature, volume fraction of starch and
starch type (Walstra, 2003). Starch retrogradation is governed by a consecutive three
step mechanism, which involves nucleation, propagation and maturation or
recrystallization. Nucleation, or the formation of nuclei as a sequence of bimolecular
processes whereby atoms in the liquid phase join a growing cluster. Propagation or
the growth of crystals involves a series of steps in which crystallizing molecules move
to the crystal interface and orient themselves into the crystal lattice. During
maturation, it has been suggested that crystal perfection and slow crystal growth via
Ostwald ripening occurs (Jouppila, 1996; Sahagian and Goff, 1996).

Crystallization/recrystallization virtually inhibits at temperature below the glass
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transition temperature (Tg). Exponential nature of the temperature dependence of both
nucleation and propagation of crystallization is found within the range between T4 and
T.. Rate of nucleation increases as temperature decreases down to the Tg, while rate of
propagation increases with temperature up to the T.. As nucleation (nucleus
formation) is retarded at temperature > 30°C, therefore, crystallization occurs at low
temperature but only to a limited degree at elevated temperature (> 30°C).
Retrogradation should be maximal at the midway temperature between Ty and T, for
long storage period, as the result of both nucleation and propagation take place at
moderate rates (Eliasson and Gudmundsson, 1996). The stage of maturation by
retrogradation is a function of storage time (Adebowale and Lawal, 2003; Eliasson,
1985).The extent of this association can be interpreted from the area of the peak
(enthalpy) during the re-heating of the gelatinized sample (Yoshimura et al., 1999).
Compared to native starch, retrograded starch has wider endotherms, indicating that
crystallites formed during cooling and aging are large, non-uniform and imperfect.
Enthalpy of retrograded starch provides a quantitative measure for the energy required
to melt retrograded starch (Karim et al., 2000). The enthalpy required for melting of
the retrograded starch is usually between 60-80% smaller than the enthalpy required
for gelatinization of the gelatinized native starch because the crystallites in
retrograded starch are less stable and easier to break down (Sandhu and Singh, 2007;
Sasaki et al., 2000).

Retrogradation of starch is often enhanced when starch gels
are subjected to the freezing and thawing process. The rate of retrogradation depends
on several variables, including the ratio of amylose to amylopectin, DP of the amylose

and amylopectin, starch concentration and storage temperature. The higher amylose to



19

amylopectin ratios caused the higher retrogradation of the starch gel (Eliasson and
Gudmundsson, 1996). It was also found that amylopectin having chain lengths in the
range of 75-100 glucose units gave more rapid retrogradation (Zobel and Stephen,
1995). The rate of retrogradation increases with the increased amount of amylose.
High concentration of the starch give gel formation and stiffer or more brittle gels
occur on longer storage. Storage at low temperature but above the glass transition
temperature (T4 ~-5°C) gave higher the retrogradation than that at room temperature
(Eliasson and Gudmundsson, 1996; Varavinit et al., 2002; Walstra, 2003; Whistler
and BeMiller, 1999).
2.3 Modified starch

Native starch has been widely used in food processing. The physicochemical
properties of this starch and the colloidal sols produced from them are limited in their
food applications due to their instability under various temperature, shear force, and
pH conditions. Therefore, modification can increase the utilization of starch in various
industries, such as the food, paper, and textile industries. Starch modifications are a
means of altering the structure and affecting the hydrogen bonding in a controllable
manner to enhance and extend their application. The alterations take place at the
molecular level, with little or no change taking place in the superficial appearance of
the granule. Therefore, the botanical origin of the starch may still be identified
microscopically. Starch modification is generally achieved through derivatization
such as the etherification, esterification, cross-linking and grafting of starch;
conversion (acid or enzymatic hydrolysis and oxidization of starch) or the physical
treatment of starch using heat or moisture as described in Table 2.2 (Singh et al.,

2007).
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2.3.1 Physical modification

Physical modifications of starch such as moisture, heat, and shear force
have been gaining wide acceptance because neither by-products nor chemical reagents
are present in the modified starch like that of chemical modifications (Bao and
Bergman, 2004). Annealing (ANN) and heat-moisture treatment (HMT) are two
common physical modifications. These treatments make starch obtain the modified
properties without destroying the granule structure. These two related processes
require controlling the moisture ratio, temperature, and heating time. However, these
treatments use different amounts of water and temperature levels.

ANN is generally carried out by heating granular starch with an
intermediate to large quantity of water (40% w/w - > 60% w/w) at a temperature
above the glass transition temperature (Tg) but below the starch gelatinization point
(40-75°C) for a set period of time (Jayakody et al., 2009; Maache-Rezzoug et al.,
2008; Waduge et al., 2006). ANN leads to the reorganization of starch molecules, and
amylopectin double helices acquire a more organized configuration (da Rosa

Zavareze and Dias, 2011).
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Table 2.2  Different starch modification types and preparation techniques
Modification  Types Preparation
Physical Heat/moisture Heat-moisture treatment- Heating starch at a temperature above its
treatment gelatinizeation point with insufficient, moisture to cauase gelatinization
Annealing-Heating a slurry of granular starch at a temperature below its
gelatinization point for prolonged periods of time
Pregelatinization Pregels/ instant/ cold-water swelling starches prepared using drum drying/
spray cooking/ extrusion/ solvent-based processing
Conversion Partial acid Treatment with hydrochloric \acid or ortho-phoric acid or sulphuric acid
hydrolysis

Partial enzymetic
hydrolysis

Alkali treatment
Oxidation/

bleaching

Dextrinization

Treatment in an agueous solution at a temperature below the gelatinization
point with one or more food-grade amylolytic enzymes

Treatment with sodium hydroxide or potassium hydroxide

Treatment with peracetic acid and/or hydrogen peroxide, or sodium
hypochlorite or sodium chlorite, or sulphur dioxide, or potassium
permanganate or ammonium persulphate

Pyrodextrins-Prepare by dry roasting acidified starch

Derivatization

Etherification

Esterification

Cross-linking

Dual modification

Hydroxypropyl starch- Esterification with propylene oxide

Starch acelated-Esterification with acetic anhydride or vinyl acetate
Acetylated distarch adipate-Esterification with acetic anhydride and adipic
anhydride

Starch sodium octenylsuccinate- Esterification by octenylsuccinic anhydride
Monostarch phosphate- Esterification with ortho-phosphoric acid, or sodium or
potassium orthophosphate, or sodium tripolyphosphate

Distarch phosphate- Esterification with sodium trimetaphosphate or
phosphorus oxychloride

Phosphated distarch phosphate-Combination of treatments for monostarch
phosphate and Distarch phophate

Acetylated distarch phosphate- Esterification by sodium trimetaphosphate or
phosphorus oxychloride combined with esterification by acetic anhydride or
vinyl acetate

Hydroxypropyl distarch phosphate- Esterification by sodium

trimetaphosphate or phosphorus oxychloride combined with

etherification by propylene oxide

(Singh et al., 2007)
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ANN has been shown to cause changes to starch structure (increase in
granule stability, perfection of starch crystalline, formation of new double helices,
interaction between glucan chains and an increase in contrast between crystalline and
amorphous lamella) and properties (elevation of gelatinization temperature, narrowing
of the gelatinization temperature range decrease in swelling power and amylose
leaching, increase in hot and could paste viscosities) (da Rosa Zavareze and Dias,
2011; Dias et al., 2010; Jayakody et al., 2009; Lan et al., 2008; Waduge et al., 2006).

Heat-moisture treatment (HMT) is a hydrothermal treatment technique
that heats starch granules at low levels of moisture (< 35% slurry in water) and a
relatively high temperature (80-140°C) above its glass transition temperature but
below the temperature when gelatinization occurs, for a period of time ranging from
15 min to 16 h (Chung et al., 2009; da Rosa Zavareze and Dias, 2011; Jacobs and
Delcour, 1998). Jayakody and Hoover (2008) postulated that the effect of heat-
moisture treatment may be due either to new crystallization or recrystallization and
the perfection of small crystalline regions of the starch granule. However, the heat-
moisture modification conditions must not allow the starch to reach gelatinization
(Gunaratne and Hoover, 2002; Jacobs and Delcour, 1998). For instance, HMT starch
at 100°C for 16 h with 30% moisture content (Hoover et al., 1993) and HMT at
110°C for 1 h, especially with 25% moisture content (da Rosa Zavareze et al., 2010;
Hormdok and Noomhorm, 2007) have been shown to strongly alter the
physicochemical properties of starch including: decreasing the swelling power,
increasing the stability of starch pastes to heat and shear, reducing amylose leaching

and increasing the gelatinization temperature of starch. HMT was used in this study,
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therefore, only the effects of HMT on starch properties are reviewed in the next
section.
2.3.2 Effects of HMT modification on the properties of starch

Compared to native starch, HMT-starch has a higher gelatinization
temperature and broad gelatinization temperature range, with a reduction in
gelatinization enthalpy (Chung et al., 2009; da Rosa Zavareze and Dias, 2011;
Gunaratne and Hoover, 2002; Hoover et al., 1993; Sun et al., 2014). Heat-moisture
treatment also increases the pasting temperature, but decreases the swelling power and
amylose leaching (Chung et al., 2009; da Rosa Zavareze and Dias, 2011; Hoover et
al., 1993). It has been reported that this treatment leads to a reduction of starch
retrogradation and promotes freeze-thaw stability (da Rosa Zavareze and Dias, 2011;
Gunaratne and Hoover, 2002; Hoover and Manuel, 1996; Hoover et al., 1993; Sun et
al., 2014). The pasting properties of HMT starch sample exhibit a decrease of peak
viscosity, breakdown and final viscosity (Pukkahuta et al., 2008). Compared to their
native counterpart starches, the HMT of mung bean, finger millet and rice starch
granules have cracks on the surface and are more aggregated (Adebowale et al., 2005;
da Rosa Zavareze et al., 2010; Jiranuntakul et al., 2011; Li et al., 2011). Changes in
the X-ray diffraction pattern from B- to A-type has been found in HMT potato and
yam starch (Gunaratne and Hoover, 2002). For HMT starch, the enthalpy of
gelatinization decreases as treatment time increases (Arns et al., 2015; Pukkahuta et
al., 2008). However, HMT increases the gelatinization temperatures of HMT-starches
as the treatment temperature increases (Chung et al., 2009). From their properties,
HMT starch may be a good product for making noodles as well as using in canned

and frozen food products (da Rosa Zavareze et al., 2010; Hormdok and Noomhorm,
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2007). The film of HMT starch has a higher tensile strength and puncture energy, but
lower solubility than that of native starch (da Rosa Zavareze and Dias, 2011). Heat-
moisture treatment in mildly acidic conditions enhances the starch granular stability to
heat and shear (Kim and Huber, 2013). From DSC study, HMT-starch showed
biphasic thermogram of the starch melting endotherm, which suggested either
formation of new crystal or rearrangement of crystalline of HMT-starch. From XRD
study, heat-moisture treatment induced changes in both crystalline and amorphous
regions in starch granules. The XRD pattern showed that upon heat-moisture
treatment crystallites were stronger than the native starch. For example, the native
tuber starches have B-type, while their HMT-starches were found to have A-type. In
starch granule, crystalline regions are interconnected by the continuous amorphous
regions. Biliaderis et al. (1986) suggested that there was a presence of intercrystalline
amorphous parts and they inhibited the mobility of amorphous chains caused the T of
native starch to be higher than Ty of the gelatinized starch. The Ty represents the
transition of the inherent amorphous state of the starch. Therefore, starches with
different T, were definitely different in the amorphous chain conformation. In heat-
moisture treatment, Ty is fully affected by the residual water. Lim et al. (2001) found
that T, of HMT-starch was lower than the native starch. This indicated that the
intercrystalline parts were transformed into independent amorphous states during
heat-moisture treatment. Thus the amorphous portion in the HMT-starch could be
increased. The effect of temperature, time and water content used for heat-moisture
treatment on the structures and properties of various starch are summarized in Table

2.3.
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2.4 Nixtamalization

Flour modified by thermal-alkaline treatment, nixtamalization, has been
consumed for more than 100 years. Currently, products from this modified flour are
being consumed worldwide. In this treatment, whole grains are boiled in either
calcium hydroxide solution (Ca(OH); solution) or sodium hydroxide solution for 30-
60 min, and then soaked in the alkaline solution for 12-16 h (Bryant and Hamaker,
1997; Mondragén et al., 2004b; Sefa-Dedeh et al., 2004). During nixtamalization,
these phenomena occur in the following order (Mendez-Montealvo et al., 2006;

Mondragén et al., 2004a).
e softening of the hull,

o diffusion of water and Ca(OH),, in the forms of OH™ ions and Ca’* ions,

(or potassium hydroxide) into the kernel,

e swelling and partial gelatinization of starch granules losing crystallinity,
leaching of amylose and reaction between the leached amylose chains

and calcium ions

e solubilization and denaturation of protein, as well as reaction among
denatured proteins and reaction between denatured protein and other

components (such as lipid, starch and calcium ions)

saponification of lipid (formation of calcium salt of fatty acids)

When using Ca(OH),, it was reported that calcium ion complexes with
amylose, amylose-lipid and protein were formed (Ruiz-Guiérrez et al., 2012). The

calcium-amylose, Ca-amylose, interactions inhibit the transferring of water into
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starch granules, and thus limit the granule swelling and gelatinization of the middle
part of starch granules (Laria et al., 2007; Mondragdn et al., 2006; Robles et al.,

1988; Rodriguez et al., 1996).

The starch-Ca interaction was reported to occur during thermal-alkaline
treatment of flour. The product of the thermal-alkaline processes is a modified corn
flour (Mendez-Montealvo et al., 2006; Sefa-Dedeh et al., 2004). Most studied on
heat-moisture treatment have used starches from different sources (such as rice,
potato, wheat, maize and sorghum) and different moisture content during heat-
moisture treatment. However, to our knowledge, no study has reported effect of salts
on the heat-moisture treatment. The main purpose of this study was to investigate
effect of HMT using different calcium compounds including Ca(OH),, CaCl, and
CsH10CaOs on chemical and physical properties of pigeonpea starch and different
temperature and time of heat-moisture treatment process to characterize their
crystallization patterns, pasting properties, thermal properties and rheological
behavior. Their potential applications in frozen food industry will be determine. The
Ca(OH), was selected as it was used in the thermal-alkaline process. The CaCl, and
CsH10CaOg were selected because they are common food additives use in many food

industries (FDA, 2008).



CHAPTER Il
MATERIALS AND METHODS

3.1 Materials

Pigeonpea starch was provided by Assistant Professor Dr. Piyanuch Roskhrua,
Rajamangala University of Technology Lanna (Nan Campus). It was isolated from the
seed of pigeonpea grown in Nan Province, Thailand as described in Roskhrua et al.
(2014). The starch was kept at 8+2°C (SRM-2DB, Sanyo, Thailand). The percentage
of dry basis of chemical contents (crude protein, total lipid, crude fiber, ash,
carbohydrate and amylose content) were analyzed according to AOAC (2012) and
were 0.43 £ 0.03, 0.31 £ 0.03, 0.40 £ 0.03, 0.45 £ 0.04, 98.42 + 0.05 and 31.15
0.12, respectively.

Analytical grade calcium hydroxide, Ca(OH), (Bio Basic, Canada), calcium
chloride, CaCl, (Ajax Finechem, NZ), and calcium lactate, C¢H10CaOg (Biological,
USA), were used in these experiments.

3.2 Heat-moisture treatment

3.2.1 Effect of calcium compound and Ca?*-starch ratios (calcium
concentration) on the structure and physicochemical properties of

starch

Prior to the heat-moisture treatment process (HMT), the moisture
content of the kept starch was determined by an infrared auto-moisture analyzer (MJ
33, Mettler Toledo, Switzerland), the moisture content was 11.30% and adjusted to
30% wi/w by adding an appropriate amount of distilled water. Heat-moisture treatment
in the presence of calcium compound was done by dissolving each calcium compound

in distilled water before adding to the starch. The amount of calcium compound added
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to the water was calculated to obtain the Ca’*-starch ratios. These experiments
comprised 3x3 factorial experiments with a control, and they were prepared by
varying three types of calcium compound (Ca(OH),, CaCl, and CgH;,CaOg), and
three levels of Ca®*-starch ratios (0:1, 0.0001:1, 0.0004:1 and 0.0007:1) as shown in
Table 3.1. The mixture was stirred with a hand mixer (BUO-153263, Buono,
Germany) at speed No. 1 for 2 min followed by speed No. 2 for 10 min and then kept
in a sealed aluminium foil bag for 2 h at room temperature (25£1°C). After verifying
the moisture content, the sample was kept in the sealed aluminium foil bag at 5+1°C
for 24 h. Then, a sample (100 g) was transferred into a pressure-resistant glass bottle
(250 ml, Schott Duran, Germany). The bottle was tightly sealed, placed and heated in
an autoclave (SS-325, Tomy, USA) at 110°C and 50 kPa gauge for 1 h. After this, the
sealed bottle was taken out and let stand to cool to room temperature (25+1°C) for 1
h. The heat-moisture treated starch was dried in hot air oven (EDIFA, Binder, USA)
at 40°C for 16 h. The moisture content of the dried HMT starch was determined to be
10% wi/w. It was ground, sieved through a 100 mesh sieve, kept in the sealed
aluminium foil bag at 8+2°C. All treated starches were determined for light/polarize
light microscopy, scanning electron microscopy, chemical composition, crystalline
pattern, swelling power, % solubility, amylose leaching, pasting properties, freeze-
thaw stability, rheological properties and the thermal properties, compared to the
native starch.

The heat-moisture treated starches in the presence or absence of
calcium compound are referred to as HMT-Ca starch or HMT-starch (control),

respectively. The heat-moisture treated starch in the presence of Ca(OH),, CaCl, or
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CsH10CaOg¢ are referred to as HMT-Ca(OH), starch, HMT-CaCl, starch or HMT-

CsH10CaOg starch, respectively.

Table3.1  Type and amount of Ca®*-starch ratio that were used for HMT at 110°C
and 50 kPa for 1 h

Treatment Ca?*:Starch Concentration of
Calcium Solution
(mol/L)
Native 0:0 -
HMT 0:1 -
HMT-Ca(OH), 0.0001:1 0.014
0.0004:1 0.034
0.0007:1 0.063
HMT-CaCl, 0.0001:1 0.014
0.0004:1 0.034
0.0007:1 0.063
HMT- CgH10CaOg 0.0001:1 0.014
0.0004:1 0.034
0.0007:1 0.063

3.2.2 Effect of temperature and time of heat-moisture treatment on the
structure and physicochemical properties of starch

Calcium compound and Ca”'-starch ratio used in this part were
selected from the results of the first part that gave lower swelling power, %solubility,
amylose leaching and gelatinization enthalpy (AHg), and higher freeze-thaw stability

than the common HMT starch and native starch. The process of the heat-moisture
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treatment was the same as describe in section 3.2.1, except the heating temperatures
and heating times of heat-moisture treatment. The heating temperature and heating
times used in this study were listed in Table 3.2. The experimental design is a 3x2x2
factorial experiment: three levels of temperature (100°C, 110°C and 120°C), two
levels of time (1 h and 2 h), and two levels of Ca**-starch ratios (0:1 as control and
0.0007:1). All treated starches were determined for light/polarize light microscopy,
scanning electron microscopy, crystalline pattern, swelling power, % solubility,
amylose leaching, pasting properties, freeze-thaw stability, rheological properties and

the thermal properties.

Table 3.2  Ca?*-starch ratio, temperature and time used for the heat-moisture
treatment in the presence of Ca(OH),

Treatment Ca”":Starch Temperature (°C) Time
/Corresponding (h)
Pressure (kPa)

HMT 0:1 100/0

110/50

120/110

N NN

HMT-Ca(OH); 0.0007:1 100/0

110/50

120/110

N PN DN
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3.3 Structure characterization
3.3.1 Light microscopy
The shape of starch granules was also observed by light microscopy.
Starch was dispersed in distilled water containing glycerin (1:1 v/v). The starch
suspension was dropped on a glass slide and placed under an optical microscope (BX
51TF, Olympus, Japan) equipped with Pinnacle Media Center (PCTV USBZ2, Pinnacle
System GmbH, Germany), and the image of starch granules was taken and recorded at
a magnification of 100X. The granule birefringence image of the same starch granules
was also taken and recorded by placing a polarized film (U-POT, Olympus, Japan)

over the light source.

3.3.2 Scanning electron microscopy
The starch powder was spread on a carbon sheet. Then, the carbon
sheet containing starch samples was placed on an aluminium stub and dried in an
oven at 40°C for 16 h. Subsequently, all of the samples were coated with gold-
palladium using an ion sputter (Balzers Union SCD 040, Balzers Union Ltd.,
Liechtenstein). The shapes and surfaces of the starch granules were determined using
a scanning electron microscope (JSM-5410 LV, JEOL Ltd., Japan) at an acceleration
potential of 15 kV and magnification of 500X, 1,000X and 2,000X.
3.3.3 X-ray diffraction pattern (XRD)
Prior to crystallinity determination, a sample was kept over a saturated
NaCl solution (relative humidity about 75%) in a desiccator under a vacuum for 2
weeks to obtain a sample with moisture content of about 15% w/w (wet basis, wb).
Crystallinity of the starch granule was analyzed using a wide angle X-ray

diffractometer (D8 Discover, Bruker AXS, Germany) equipped with a copper source
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operating at 40 kV and 40 mA, producing X-rays as monochromatic copper K,
radiation with a wavelength of 0.154 nm. The diffraction data were collected over an
angular range from 5 to 40° (20) at increment of 0.02 degree/step and scan speed of
0.5 sec/step. The X-ray pattern was compared with the peak characteristics of the
theoretical diffractogram given by Zobel (1964). The relative crystallinity was
determined quantitatively from the ratio of the sharp peak area to the total peak area
(Nara and Komiya, 1983) using a peak-fitting software (Topas version 3, Bruker
AXS, Germany).
3.4 Determination of chemical and physical properties
3.4.1 pH of starch suspension
The pH of the starch was determined following AOAC (2012) No.
943.02.
3.4.2 Calcium content
Prior to determining the calcium content, the starch was washed
out with distilled water at a starch-water ratio of 1:10 (3 times). The starch was dried
in a hot air oven (EDIFA, Binder, USA) at 40°C for 16 h. The calcium content in the
starch was determined following AOAC (2012) No. 975.03 and N0.984.27.

3.4.3 Swelling power, % solubility and amylose leaching

The method of Ceballos et al. (2007) was used to determine swelling
power and % solubility. Starch suspension (1% w/w) was heated from 40 to 95°C at
6°C/min and kept at 95°C for 30 min in a Rapid Visco Analyzer (RVA, Model 4D,
Newport Scientic, Australia). The gelatinized starch suspension was immediately
centrifuged at 8,000xg for 5 min at 25°C (IEC Muti Rf, Thermo IEC, USA). The

supernatant and sediment were separated using a micropipette (Pipet-Lite, Rainin
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Instrument, USA), weighed and dried at 100°C (24 h for supernatant and 48 h for
sediment), and then weighed again. The swelling power and solubility were calculated

using Equations 1 and 2, respectively.

SP = (Wsed/Wseg d) [1]
S = (Wsup /Wsam  )(100) [2]
where  SP = swelling power (g wet gel/g dry gel)
S = solubility (%)
Wses = Weight of wet sediment (g)
Weed | = weight of dried sediment ()
Wsup, = weight of dry solid in supernatant (g)
Wsam . = Weight of sample on dry basis = 0.4+0.02 g

For amylose leaching determination, the amylose content in the
supernatant was determined as described by Chrastil (1987). A supernatant of 1 ml
was added to 6 ml of 0.3 M NaOH and heated at 95+1°C for 30 min in a water bath
(WNB22, Memmert, Germany). Then, 1 ml of 0.5% trichloroacetic acid (AppliChem
Panreac, Germany) and 0.05 ml of 0.1 N I,-KI solution was added to 0.1 ml of this
solution. The solution was kept in a dark room at room temperature (25+1°C) for 30
min. The absorbance was measured at 630 nm using a UV-visible spectroscope
(Spectronic GENESYS 20, Thermo scientific, USA). The standard curve was
constructed using pure potato amylose (Sigma, UK) as shown in Appendix B. The
percentage amylose leaching was calculated and reported as mg of amylose leached

per 100 mg of original amylose content in the dry sample using Equation 3.
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AL = 100[CA(103DS)TS]/(WsamdbAlloo) [3]
where AL = amylose leaching (%)
Ca = amylose concentration in supernatant

Ds = correction for dilution of supernatant (ml of
final solution per ml of supernatant)
Ts = total volume of supernatant (ml)

Wsam . = Weight of sample on dry basis (mg)

A = amylose content in dry sample (%)
3.4.4 Pasting properties
The pasting properties of starch were determined using a Rapid Visco
Analyser and Thermocline software (Newport Scientific, Australia). A starch
suspension of 10% w/w and 28 g total weight was obtained by adding a pre-calculated
amount of starch and mixing to preweighed distilled water in the RVA sample
canister. The RVA plastic paddle was manually rotated for 30 s to uniformly disperse
the starch suspension before measurement. The temperature-stirring rate-stirring time
profile of Standard #1 was used. This profile consisted of stirring at 960 rpm and
50°C for 10 s, and then while stirring at 160 rpm, heating from 50 to 95°C at
10°C/min, holding at 95°C for 3 min, cooling to 50°C at 12°C/min, and then holding
at 50°C for 2 min. The total run time was 13 min.
3.4.5 Rbheological properties
Starch was weighed and then dispersed into distilled water to obtain
the concentration of 5% w/w. The starch suspension was stirred using a magnetic

stirrer for 15 min at room temperature (25°C), heated to 95+1°C and kept at 95+1°C
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for 30 min in a boiling-water bath (WNB22, Memmert, Germany), while it was kept
stirring. The starch paste was centrifuged at 190xg for 2 min to remove air bubbles
and kept in 40°C for 15 min in a water bath (ONE7, Memmert, Germany) before
measurements to prevent gel formation. Both the steady shear and viscoelastic
properties of starch paste were determined using a stress-controlled rheometer (Bohlin
Gemini™ 150, Malvern Instruments, UK), equipped with a 40 mm-diameter cone and
plate test fixture (CP 1/40, cone angle 1°, gap 500 um). Starch paste (1.5 ml) was
loaded onto the plate and was covered with paraffin liquid (Ajax Finechem, NZ) to
prevent water evaporation. The temperature of the paste was allowed to reach
equilibrium of 25+0.5°C for 30 s on the plate. The steady shear measurement was
carried out by sweeping from the shear rate of 0.1 to 1000 s in 300 s.

The viscoelastic properties were determined at the predetermined
linear viscoelastic region of all paste of 1% strain and frequency range from 0.1 to 10
Hz. The average values of storage modulus (G') and loss modulus (G") were
reported.

The power law model, Equation 4 (Herschel-Bulkley) or Equation 5-7,

was used for the calculation of the steady shear properties or frequency dependence;

T = 1o+ Ky" [4]
where T = shear stress (Pa)

T =  Yieldstress (Pa)

v =  shearrate (s7)

K = consistency coefficient (Pa-s");

n = flow behavior index.



G'(o)
G"(m)

tan 6 (@)

where G' =

a,bandc =

= Gro0°

= G

= G"(0)G(n)

=  (G"G); 0

=  (tand); ©°

storage modulus (Pa) at a frequency of 1 Hz
loss modulus (Pa) at a frequency of 1 Hz
angular frequency (Hz)

exponential constant.

3.4.6 Differential scanning calorimetry (DSC)
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[5]
[6]

[7]

A sample (4£0.2 mg, db) was placed in pre-weighed stainless-steel

DSC pan. Distilled water (12 ul) was added. The pan was hermetically sealed and the

sample was allowed to equilibrate overnight before analysis at room temperature

(29+1°C). The thermal properties, onset temperature (T,), peak temperature (Tp),

conclusion temperature (T.) and enthalpy (AH), of the starch were studied by heating

the pan from 20°C to 140°C at the rate of 10°C/min in a differential scanning

calorimeter (DSC8000, Perkin- Elmer, USA) and then cooled down to 20°C at 10°C

/min. The resulting paste was kept in the sealed DSC pan at 5£1°C for 7 and 14 days

in refrigerator (MIR-153, Sanyo, Japan). After storing, the paste was reheated again in

DSC from 20°C to 140°C at the rate of 10°C/min. An empty pan was used as a

reference. The degree of retrogradation was calculated as shown in Equation 8:

% retrogradation

where AH;

AH;

(AH, / AH1)100

[8]

Enthalpy of gelatinization (first heating curve)

Enthalpy of re-gelatinization (re-heating curve)
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3.4.7 Freeze-thaw stability measurement

Starch was weighed and then dispersed into distilled water to obtain
the concentration of 5% w/w. Sodium azide (0.04% w/w) was added to prevent
microbial spoilage. The starch suspension was stirred using a magnetic stirrer for 15
min at room temperature (25°C), heated to 95+1°C and kept at 95+1°C for 30 min in a
boiling-water bath, while it was kept stirring. Twelve ml of starch paste were poured
into a 15 ml plastic tube, stored at -25°C for 20 h in the freezer (SF-0991 NG, Sanyo,
Thailand), and then thawed at 40°C for 2 h in a water bath (WNB22, Memmert,
Germany). A total of five freeze-thaw cycles was studied. To measure the water
separation from starch paste, a plastic syringe (5 ml) without the tip and plunger were
used. A single piece of filter paper (11 mm diameter Whatman#5) was placed on the
bottom of the syringes, and 0.02-0.03 g cotton was placed on top. Distilled water (1
ml) was added to the syringes to moisten the cotton, and then the cotton layer was
pressed with a glass rod to ensure a complete seal at the bottom of the syringe
(Pongsawatmanit and Srijunthongsiri, 2008). The syringes were centrifuged at 2000xg
for 10 min to remove excess water from the cotton, and then weighed (W,). For each
selected freeze-thaw cycle, a thawed paste sample of about 2.5+0.03 g was added into
the prepared syringe and weighed (W,), then centrifuged at 2000xg for 10 min, and
then weighed again (W,). The water was automatically removed from the syringe
during centrifugation. The percentage of syneresis was calculated as:

% syneresis = 100(W1 — W,)/(W1-W)) [9]

At least 4 measurements were carried out to ensure the reproducibility of the data.
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3.5 Statistical analysis

All analysis was performed at least in triplicate and the average value was
reported. Analysis of variance (ANOVA) and Duncan’s multiple range tests of the

data were analyzed using SPSS software (version 17, SPSS Inc., USA).



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Chemical compositions

Table 4.1 shows the pH and calcium content in starch suspension. The pH of
the native starch and HMT-starch (no Ca*" added) were 4.38 and 4.41, respectively.
For the HMT-Ca(OH),, HMT-CaCl, and HMT-CgH;0CaOg starches pH were in the
range of 7.55-8.64, 5.85-6.12 and 4.42-4.65, respectively.

For calcium content, the native starch contained 86.70 ppm. Heat-moisture
treatment in the presence of a calcium compound had an increase in calcium content
with an increase in Ca*-starch ratio. However, when using a calcium compound
during heat-moisture treatment, the calcium contents in HMT-Ca starches were higher
than those in native starch by 50-564 ppm (Table 4.1). This indicated that calcium

salts interacted with granules of pigeonpea starches.
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Table 4.1 pH and calcium contents of native starch and HMT-starch that treated at

110°C for 1 h

Type of Type of Ca’*:Starch pH of Starch Calcium
Pigeonpea Calcium Suspension Content
Starch Compound (ppm)
Native starch - - 438" + 0.02 86.70) + 0.34
Heat-moisture - 0:1 441"+ 004 8174 + 042
treated at 110°C,
Ca(OH), 0.0001:1 755+ 0.04  234.65% + 0.16
1h
0.0004:1 8.04° + 0.06  457.13° + 0.24
0.0007:1 8.64° + 0.08  650.92° + 0.71
CaCl, 0.0001:1 5.85° + 0.09 137.10 = 0.42
0.0004:1 598° + 0.04 26256 + 0.44
0.0007:1 6.129 + 0.08 426.73° + 1.05
CeH10Ca0g 0.0001:1 442" + 0.00 168.22" + 0.65
0.0004:1 457° + 0.01  39451° + 0.37
0.0007:1 465"+ 0.01 584.91° + 0.94

The reported values are means + SD.

Means with different letters (a, b, ..) in each column are significantly different (P < 0.05).
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4.2 Effect of calcium compound on the physicochemical properties of starch
4.2.1 Structural characteristics
4.2.1.1 Light microscopy
Figure 4.1 shows granular images of the native, HMT and
HMT-Ca starches from light/polarized light micrographs. The light microscope
images show that the starch granules were round and oval and there were slightly
differences between the native and all HMT modified starch (Figure A.1). Both
exhibited characteristic birefringence patterns under polarized light. As the granules
still exhibited a diffuse polarized cross, suggesting the presence of an ordered
complex. However, all HMT starch (with/without calcium salts) displayed a loss of
birefringence at the granule center indicating partial melting or disruption of ordered
structure occurred during heat-moisture treatment. The images also show that the
presence of calcium compounds during treatment caused an increase in the loss of
birefringence at the center of the granule. They also show that Ca(OH), and
CsH10CaOg caused more birefringence lost than CaCl, (Figure A.2). From the images,
the Ca®*-starch ratio did not apparently affect the extent of birefringence loss at the
center of the granule. The decrease in birefringence intensity at the granule center
suggested that the thermal energy imparted to the double helices during heat-moisture
treatment might have increased their mobility, thereby resulting in a loss of radial

orientation (Chung et al., 2009).
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4.2.1.2 Scanning electron microscopy (SEM)

Figure 4.2 shows the granular structure of native, HMT-
starch and HMT-Ca starches taken from a scanning electron microscope. Pigeon pea
starch granules were oval to elliptical to irregular in shape. The surface of the native
starch granules appears smooth with no evidence of fissure, but the modified starches
had some dents. The HMT-Ca starches appeared to have more dents on the surfaces
than the HMT-starch. Moreover, the surface of the starch granules treated with
CeH10CaOg had cracks. The surface of the starch granules treated with Ca(OH), or
CsH10CaO¢ showed larger dents than that of the starch granules treated with CaCl,
(Figure A.3-A.5). From the images, The Ca”*-starch ratio did not significantly affect
the area of the dent region of the surface of starch. The surface degradation of HMT

and HMT-Ca starch granules might be attributed to the partial melting.
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4.2.1.3 X-ray diffraction and relative crystallinity

The crystalline patterns of pigeon pea starch and all HMT
starches as determined by X-ray diffraction are shown in Figure 4.3. Native starch
showed characteristic C-type diffraction patterns (consisting of a mixture of A- and B-
type crystalline structures), with diffraction strong peaks at 17.2°, 18.1° and 23.1° 26
and weak peaks at 5.5° and 15.2° 26 (Hoover and Sosulski, 1985; Horng, 2007;
Ratnayake et al., 2001). A peak at 5.5° 20 was not detected for HMT-starch and
HMT-Ca starches (Figure 4.3) indicating the disappearance of characteristic B-type
diffraction patterns. Thus heat-moisture treatment changed the crystalline pattern of
native starch from C- to A-type. The intensity of the diffraction peak and relative
crystallinity of native, HMT and HMT-Ca starches are shown in Table 4.2. The heat-
moisture treatment caused an increase in peak intensities at 11.5°, 15.2°, 17.2°, 18.1°,
20.0°, 23.1° and 26.5° 26. The presence of calcium compound during heat-moisture
treatment and an increase in Ca**-starch ratio resulted in increasing peak intensities at
these angles. These peak intensities were higher when Ca(OH), and C¢H10CaOg were
used than when CaCl, was used. The increase in these peak intensities of diffraction
suggested that there was structural rearrangement within the crystalline domain of the
starch granules due to the thermal energy displacing the double helical chains between
starch crystals leading to the formation of a better packaged and more ordered
crystalline array than that of the native starch (da Rosa Zavareze and Dias, 2011;
Klein et al., 2013). The results in Table 4.2 shows that the % relative crystallinity (%
RC) of native pigeonpea starch was 38.02%, while those of the HMT-starch and
HMT-Ca starches were lower (31.09-34.08%). It was also found that % RC increased

with an increase in Ca?*-starch ratio (or increased of Ca®* concentration). The type of
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calcium did not affect the % RC of the HMT-Ca starches. Compared to the native
starch, the lower % RC of HMT and HMT-Ca starches could be accounted for by the
fact that some crystalline order was lost as starch being partially melted during heat-
moisture treatment (Khunae et al., 2007; Sun et al., 2014). This finding was agreed
with the result of the Ty study by Lim et al. (2001). Lim et al. (2001) found that T of
HMT-corn or potato starch was lower than the native starch. This indicated that the
intercrystalline amorphous parts were transformed into independent amorphous states
during heat-moisture treatment. Thus, the amorphous portion in the HMT-starch could
be increased. For HMT-Ca starches, The increase in crystallinity as Ca®*-starch ratio
increased could have arisen due to the following reasons: (1) stabilization of starch
granules due to effect of water structure maker caused by ions, resulting from Ca?*-
starch interaction, (2) formation of additional crystallites (resulting from interactions
between amylose-amylose, amylose-amylopectin, amylopectin-amylopectin), and (3)
changes in orientation of the starch crystallites, loss of less order weaker crystallites
but leading to the formation of a better packaged (more densely packed structure) and

ordered crystalline array than those from HMT-starch.



HMT-CgH1,CaOs starch 0.0007;1

HMT-C¢H;,CaOg starch 0.0004;1

HMT-C¢H;0CaOg starch 0.0001;1
HMT-CacCl, starch 0.0007;1
HMT-CacCl, starch 0.0004;1

HMT-CacCl, starch 0.0001;1

HMT-Ca(OH), starch 0.0007;1

HMT-Ca(OH), starch 0.0004;1

HMT-Ca(OH), starch 0.0001;1

HMT-starch

Native starch

-

Figure 4.3
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The X-ray pattern of native starch and HMT-starch that treated at
110°Cfor 1 h
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4.2.2 Swelling power, % solubility and amylose leaching
The swelling power, %solubility and amylose leaching of starch,
determined at 95°C, decreased significantly after heat-moisture treatment (Table 4.3).
Compare with the HMT-starch, the HMT-Ca(OH), and HMT-CgH10CaOg starches
significantly reduced swelling power, % solubility and amylose leaching (p < 0.05).
For these two HMT-Ca starches, as Ca**-starch ratio was increased these three
properties decreased.

Heat-moisture treatment induces rearrange of starch chains in the rubber
state. The rearrange of these starch chains occurs within amorphous and/or crystalline
of granules. Changing of structure within starch granules results in decreasing
swelling power, % solubility and amylose leaching. From Table 4.1, HMT-starch had
pH of 4.41, while HMT-CaCl, starches and HMT-C¢H;0CaOg starches had pH of
5.85-6.12, and 4.42-4.65, respectively. Compared to HMT-starch, the extent of
distorted birefringence in the middle of the granules by CaCl, and CgH10CaOg might
due to their acidic pH. This was explain by Kim and Huber (2013) that the heat-
moisture treatment in mildly acidic condition did not enhanced long-range
crystallinity, but reduced native long-range chain associations within crystalline
regions and altered chain arrangement within amorphous regions of starch granules.
As a result, these enhanced granules stability to heat and shear, therefore, swelling of
granules and amylose leaching from granules decreased. It was also reported that salts
(such as NaCl, LiCl and KCI) could interact with starch molecules and restrain the
recrystallization of starch. Under the limited water content (25-35%), initial swelling
of starch is affected/restricted by the solvation effect of salt (Day et al., 2013). The

interaction between starch and salt become dominate as salt concentration increased.
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Regardless of water content, in the presence of salt, the interactions of cations (Ca* in
this research) with the OH™ of starch reduced the initial swelling of amorphous
regions. These interactions might reduce swelling power of HMT-Ca starches as
compared to HMT-starch. In starch film, CaCl, (20% w/w) was found to be
completely dissolved in starch/poly vinyl alcohol (PVA) matrix (Jiang et al., 2012).
This indicated that CaCl, could effectively destroy the crystals of starch and PVA and
acted as plasticizer in starch-PVA film. Therefore, in the same manner, the calcium
compounds, which were presented during heat-moisture treatment, might also act as
plasticizer in starch granules and destroy the crystallites in starch, and then caused
rearrangement of starch chains to form new stronger crystallites as compared to heat-
moisture treatment in the absence of calcium compound. Thus, HMT-Ca starches had
lower swelling power, % solubility and amylose leaching than HMT-starch. However,
from XRD result (Table 4.2), % relative crystallinity of native starch was higher than
that of HMT-starch and HMT-Ca starches. This indicated that the new stronger
crystallites in HMT-starch and HMT-Ca starch might be lower in number than the
crystallites in native starch.

Cations and anions in the presence of common counter ion can be
arranged based on their salting out effects. For the cations of Hofmeister series are as
follows: K> Rb* > Na* > Li > Mg* > Ca?*. For the anions of Hofmeister series are
as follows: SO, > HPO, > OH" > citrate” > tartrate® > acetate” > CI' > NOz > I >
SCN’ (Belitz et al., 2009). lons on the left of the series reduce the solubility of protein
(water-structure maker effect). For the HMT-Ca(OH), and HMT-CgH1,CaOg starches,
swelling power, % solubility and amylose leaching were consistently reduced as Ca*'-

starch ratio (Table 4.3) was increased (salt of Ca(OH), and CgH1,CaOg increased).
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This can be explained by the water-structure maker effect of both anions (OH,
lactate’) which stabilized starch granules. lons of high charge density (e.g. SO4%)
increase the structure of water and stabilize starch granules; ions of low charge
density (e.g. SCN’, I3") not only break water structure but also tend to form helical
complex with starch molecules (Jane, 1993).

For the case of heat-moisture treatment with CaCl,, the results were
difference. Increasing CaCl, salts to starch ratio (Table 4.3), swelling power and
amylose leaching tend to increase. The results seem to follow the water structure
making effect of anions (Hofmeister series). Chloride ion may break water structure
and increase more swelling and solubility of starch granules than the other two HMT-
Ca starch. Alternative reason might be due to the fact that CaCl, has high solvation
(hydration) capacity than Ca(OH), and CgH10CaOg, led to a lower moisture absorption
of starch granules during heat-moisture treatment (Ruiz-Guiérrez et al., 2012). This
may cause less diffusion of moisture and calcium into the starch granules during the
heat-moisture treatment, therefore, HMT-CaCl, starch had higher swelling power and
amylose leaching as compared to HMT-Ca(OH), and HMT- CgH1,CaOg starches.

The following statements might be the alternative explanations for the
results of this research. The presence of calcium compound during the heat-moisture
treatment enhancing these three properties could be the stabilization of the granules
presumably by the calcium ions (Ca®*) reacting on the surface of starch granules
(Bryant and Hamaker, 1997; Gough and Pybus, 1973). It has been reported that heat-
moisture treatment caused a decrease in swelling power, % solubility and amylose
leaching and this accounts for the rearrangement of starch molecule chains such as

amylose-amylose, amylose-amylopectin and amylopectin-amylopectin chains to form
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the ordered double helical (Gunaratne and Hoover, 2002; Lawal, 2005; Li et al., 2011;
Olayinka et al., 2008; Sun et al., 2014; Varatharajan et al., 2010). In a salt solution,
cations tend to penetrate the starch granules, due to an attraction between the
positively charged cations and the negative Donnan-potential, and by the
concentration gradient of cations (Oosten, 1990). Ruiz-Guiérrez et al. (2012) and
Matsuki et al. (2012) reported that the Ca** (concentration of Ca(OH), were 0.5-15%
wi/w of dry starch) could interacted with starch-OH group especially at the surface of
the starch granules and also probably inside granules during the thermal-alkaline
process. This results in the formation of calcium-starch-OH complexes that stabilized
the granules. Lawal (2005) reported that the swelling power and % solubility of HMT
cocoyam starch, reduces as the level of moisture in modification increased from 18%
to 27%. The observed higher swelling power and % solubility of HMT-CaCl; starches
suggests that fewer interactions might occur among starch molecules than those of
HMT-Ca(OH), and HMT-C¢H;0CaOg starches. Compared to HMT-starch, the
presence of CaCl, of all Ca®*-starch ratios led to an approximate 10% change in

swelling power and 10% decrease in amylose leaching, but did not affect % solubility.
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4.2.3 Pasting properties of starches

The pasting properties of native and HMT pigeon pea starches as
determined by RVA are presented in Table 4.4. The pasting temperature, peak and
final viscosities, trough, breakdown and setback of the native starch were 83.25°C,
4,061 mPa:s, 5,397 mPa:s, 2,754 mPa-s, 1,308 mPa-s and 2,644 mPa-s, respectively.
The RVA profile of the HMT starch does not show any peak, trough, breakdown and
setback. All HMT starches exhibited significantly lower viscosity at the end of the
heating period at 95°C () and viscosity at the end of the cooling period at 50°C (1)
than the native starch. Pasting properties provide information on intermolecular
bonding between densely packed starch granules and the rigidity of swollen starch
granules during the heating process (Sui et al., 2015; Vandeputte et al., 2003). The
pasting temperature of the HMT starches ranged from 94.85-95.13°C. The higher
pasting temperature after HMT indicated that the starch granules were strengthened
by HMT. The strengthening of intragranular bonded forces causes the starch to
require more heat before structural disintegration and paste formation occurs
(Adebowale et al., 2009; Eliasson, 1980). The RVA profiles for the HMT-Ca starches
were similar to those of the HMT-starch (Figure A.7). The presence of calcium
compounds did not affect the pasting temperature (Table 4.4). The effects of type and
amount of calcium compounds on the nn and nc were determined for the HMT-starch
and HMT-Ca starches. Compared to the HMT-starch, the presence of Ca(OH), and
CesH10CaOg at the Ca**-starch ratio of > 0.0004:1 significantly lowered 1 and e (p <
0.05). In the presence of Ca(OH), or C¢H19CaOg during HMT, the n, and n of the
HMT-Ca starches significantly decreased (» < 0.05) with an increase in the Ca®*-

starch ratio. Pasting curve of HMT-CaCl, starch showed that increase of these two
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viscosities (nn and n¢) when Ca®*-starch ratio was 0.0007:1, the values were the
highest among all HMT and HMT-Ca starch pastes.

Heat-moisture treatment tends to increase the region of crystallinity of
starch granules, as a result of reorientation of the starch molecules (da Rosa Zavareze
et al., 2010; Watcharatewinkul et al., 2009). RVA profiles of all HMT starches did
not show peak, trough, breakdown and setback, as the result of the high rigidity of all
heat-moisture treated starch granules. The effects of the different calcium compounds
and each compound with different calcium-starch ratios on m, and mn. were
complimented with their low swelling power, % solubility and amylose leaching
(Table 4.3). On account of the restricted swelling of starch granules which was
limiting the leaching of amylose into the medium leading to decrease viscosity as

compared to native starch.
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4.2.4 Rheological properties

With non-linear regression, the flow behavior of all starch gels at 25°C
and shear rate ranging between 0.1-1000 s showed a pseudo-plastic with yield stress
following the Herschel-Bukley model with R? > 0.98. Table 4.5 shows the values of
the Herschel-Bukley constants, namely yield stress (to), consistency coefficient (K)
and flow behavior index (n), of the native and HMT pigeonpea starch gels. The native
starch gel had the highest 1o and K along with the lowest n. In the presence of
Ca(OH), and CgH10CaOg during HMT, an increase in the Ca**-starch ratio caused a
decrease in K and vice versa for n, but did not affect to. For CaCl,, the Ca**-starch
ratio did not affect these three properties.

For native and all HMT starch gels at 25°C, the linear viscoelastic
region was found at 1% strain and with frequency ranging from 0.1 to 10 Hz. For all
starches (Figure 4.4), the storage modulus (G") was higher than the loss modulus (G").
The G’ of the native starch gel was higher than that of the HMT-starch gel. The G’ of
the HMT-Ca starches was lower than that of the HMT-starch (Figure 4.5). The
coefficients [G'1, G"1 and (tan 6);] and the exponents (a, b and c) were obtained from
fitting the data using the power law model (Equations 5-7, see page 38) with R
ranging between 0.90 and 0.99 as reported in Table 4.6. An increase in the Ca**-starch
ratio decreased the G'; for HMT-Ca(OH), and HMT-CgH19CaOg starches and vice
versa for the HMT-CacCl, starch. A higher value of G’; or G"; indicates a stronger gel
structure (Acevedo et al., 2013). The value “a@” for all gels was < 0.08 (near zero),
which indicates that G’ is independent of frequency. This is the typical behavior of a

weak to stable gel structure (Acevedo et al., 2013; Maache-Rezzoug et al., 2010;
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Osundahunsi et al., 2011). The value of tan 8; was < 1, which also suggests the solid
elastic-like behavior of these gels (Acevedo et al., 2013).

The K value of starch gel depends on the effect of swollen granules
and amylose leaching which thicken the viscosity of the continuous phase
(Osundahunsi et al., 2011). The lower swelling power and amylose leaching resulted
in lower viscosity. The results showed that the effects of HMT, different calcium
compounds and Ca?*-starch ratio on K, G’ and amylose leaching were alike. For
polymer solution, K and G’ decrease as polymer concentration decreases. In this case,
a decrease in K and G' were the results of a decrease in amylose leaching or amylose

concentration in the continuous phase (Barrera et al., 2013; Chen et al., 2014).
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Table 4.5 Herschel-bulkley constants [yield stress (to), consistency coefficient
(K) and flow behavior index (n)] of 5 % w/w native starch and HMT-
starch that treated at 110°C for 1 h at 25°C and shear rate between 0.1-

1000 s*
Type of Type of Ca’*:Starch T K n
Pigeonpea Calcium (Pa) (Pa-s")
Starch Compound
_ 7.95° 0.83? 0.65°
Native starch - -
(0.41) (0.04) (0.01)
Heat- 01 5.45° 0.26° 0.69°
moisture - :
treated at (0.11) (0.01) (0.01)
110°C, 1h 2.62° 020"  0.71%
Ca(OH), 0.0001:1
(0.22) (0.01) (0.02)
2.73%0€ 0.17% 0.73¢
0.0004:1
(0.19) (0.00) (0.01)
2.91% 0.11f 0.82°
0.0007:1
(0.14) (0.00) (0.01)
2.96° 0.21¢ 0.72°
CaCl, 0.0001:1
(0.03) (0.02) (0.01)
2.70% 0.17% 0.74°
0.0004:1
(0.60) (0.00) (0.02)
2.30° 0.35° 0.67°
0.0007:1
(0.22) (0.09) (0.03)
2.37° 0.19¢ 0.74°
CeH10CaOg 0.0001:1
(0.46) (0.01) (0.01)
2.56% 0.14° 0.78°
0.0004:1
(0.18) (0.01) (0.02)
2.48% 0.11f 0.82°
0.0007:1
(0.20) (0.00) (0.01)

The reported values are means (SD).

Means with different letters (a, b, ..) in each column are significantly different (P < 0.05).
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Figure 4.4  Viscoelastic properties of 5% w/w native starch and HMT-starch that
treated at 110°C for 1 h at 25°C, 1% strain and frequency ranging 0.1

to 10 Hz
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Table 4.6 Rheological properties of gels. The power raw model was fitted to
experimental measurements
Type of Typeof  Ca*:Star G4 a’ G", b (tan d); ¢’
Pigeonpea Calcium ch
Starch Compound (Pa) (Pa)
39.07% 0.08  16.68* 0.19° 043 0.11°
Native starch - -
(0.05)  (0.00) (0.01) (0.00) (0.01) (0.00)
Heat- o1 4.77°  0.04° 294"  0.06° 0.62° 0.02f
moisture - :
treated at (0.02)  (0.00)  (0.08) (0.00) (0.02) (0.00)
110°C, 1h 2.91%  0.06° 1.63% 0.10° 056" 0.04°
Ca(OH),  0.0001:1
(0.02)  (0.00) (0.01) (0.00) (0.00) (0.00)
2.77° 0.06° 153 0119 055 0.04°
0.0004:1
(0.02)  (0.00) (0.02) (0.00) (0.01) (0.00)
2.72¢ 0.07° 1.13° 016> 053 0.07°
0.0007:1
(0.03)  (0.00) (0.02) (0.02) (0.01) (0.00)
2.16f 0.06° 1.64% 0119  060° 0.04°
CaCl, 0.0001:1
(0.04)  (0.00)  (0.05) (0.00) (0.03) (0.00)
3.07¢ 0.05¢ 1.55¢ 011 050"  0.05°
0.0004:1
(0.02)  (0.00)  (0.04) (0.00) (0.01) (0.00)
4.17° 0.04° 2.86°  0.06° 0.67° 0.01¢
0.0007:1
(0.08)  (0.00)  (0.14) (0.00) (0.05) (0.00)
2.90%  0.06° 1.72° 010  062° 0.04°
CeH1oCa0s  0.0001:1
(0.01)  (0.00)  (0.07) (0.00) (0.02) (0.00)
2.77° 0.06° 1.62%  0.10° 056° 0.04°
0.0004:1
(0.03)  (0.00)  (0.00) (0.00) (0.01) (0.00)
2.05 0.06° 1.19°  0.14° 058  0.06°
0.0007:1
(0.02)  (0.00) (0.01) (0.00) (0.00) (0.00)

The reported values are means (SD).
Means with different letters (a, b, ..) in each column are significantly different (P < 0.05).
“The exponents (a, b and c) were obtained from fitting the data using the power law model (Equations

5t0 7).
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4.2.5 Thermal properties and retrogradation

The thermal properties of native, HMT and HMT-Ca starch are shown
in Figure 4.6 and Table 4.7. Upon gelatinization, endotherm transition of all heat-
moisture treatment starches shifted toward higher temperature than that of the native
starch. The native starch exhibited only a single endothermic peak, whereas HMT
starch displayed a biphasic endotherm. This endotherm is the gelatinization of
amylopectin crystalline structure (Liu et al., 2006). The biphasic endotherm of starch
indicated heterogeneity in structural organization caused by heat-moisture treatment
(Jiranuntakul et al., 2011; Puncha-arnon and Uttapap, 2013). The first peak biphasic
endotherm, granules that have the least stable crystallites melt at a low temperature.
The second peak biphasic endotherm might arise from a phase transition of crystalline
regions that become more perfect on heat-moisture treatment (Liu, 2005). Heat-
moisture treatment has been reported to cause crystallite reorientation and starch
molecules interaction, hence restricted swelling and mobility of molecules in
amorphous region resulting higher temperature of the endotherms (Donovan et al.,
1983; Hoover and Manuel, 1996). Compared to native starch, HMT-starch and HMT-
Ca starch showed significantly higher (p < 0.05) for onset (T,), peak (Tp1 and Tpy),
conclusion (T¢), gelatinization temperature range (T.T,) but lower gelatinization
enthalpy (AH,). An increase in the Ca**-starch ratio increased To, Tp1, Tpz, Tc and (Te—
T,), but decreased the AHj.

The higher gelatinization temperatures (T,, Tp and T¢) suggested the
existence of more restricted swollen granules caused by its strong interactions
between starch chains induced by heat-moisture treatment. Therefore, a higher

temperature is required to disrupt the molecular order (Gunaratne and Hoover, 2002;
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Khunae et al., 2007). Adebowale et al. (2005) and Perera et al. (1997) postulated that
an increase in To, T, and T is associated with the melting of crystallites which are
formed due to starch chain associations through amylose-amylose interactions and/or
amylose-amylopection interactions. This suppresses the swelling and mobility of
starch chains of the HMT-starch and HMT-Ca starch granules leading to shift of
gelatinization temperature to high To, T, and T.. However, changes in the thermal
properties can be also due to the fact that some of the weak crystallites were destroyed
during heat-moisture treatment and the stable crystallites in starch granules remained ,
therefore, melting of retrograded starch occurred at higher temperature (Altay and
Gunasekaran, 2006; Lim et al., 2001; Yadav et al., 2013).

A wider gelatinization temperature range (T.-T,) of heat-moisture
treated starches in our sturdy could be explained the existing crystallites in the
granules of starch in HMT-starch and HMT-Ca starches had more heterogeneity than
those in native starch (Khunae et al., 2007; Li et al., 2011; Varatharajan et al., 2010).
From the XRD results, the loss of less order/weaker crystallites, formation of better
packaged and ordered crystalline array (the A-type) in starch granules, and the lower
in % RC upon heat-moisture treatment might account for the lower in AHgy of the
HMT-starch and HMT-Ca starches, than AHy of native starch. For HMT-starch and
HMT-Ca starches, partial melting of amylose and amylopectin occurred during heat-
moisture treatment and some of the double helices in the crystalline and non-
crystalline regions in granules were disrupted. Therefore, less number of double
helices unravelling and melting during gelatinization. This led to the lower AHy in
HMT-starch and HMT-Ca starches compared to the native starch. Cooke and Gidley

(1992) and Sandhu and Lim (2008) reported gelatinization enthalpy or AHg is mainly



66

considered requiring for the disruption of the double helices order rather than long-
range disruption of crystallinity during gelatinization. This may accounted for the
decreased of AHg while crystalline order is increased in heat-moisture treated starch.
Heat of gelatinization (AHgy) of HMT-Ca starch were lower (p < 0.05) than HMT-
starch as observed in our study (Table 4.7). Lu et al. (1996) reported that during heat-
moisture treatment degradation of weak structure of amylopectin crystallites occurred
and that more stable amylopectin crystallites remained. The decreased of AHy as
shown for the HMT-Ca starches could be suggested that salt ions penetrate into starch
granules and may interfere with some crystallites formation among of starch chains
during heat-moisture treatment. Besides heat of gelatinization (AHg) decreased as
concentration of salts (Ca®’-starch ratio) increased. Except HMT-CaCl, starch
increasing concentration, AHgy were not difference (p > 0.05)

Similar results have been report that increase in gelatinization
temperatures (To,, T, and T¢) and the broadening of the range (T.-T,) has been
reported to be attributed to Ca®* interaction with hydroxyl groups in the amylose
chain in starch (Jane, 1993; Ruiz-Guiérrez et al., 2012). As Ca”" ion has high charge
density, has strong electrostatic interactions with water molecules and forms a dipole-
metal interaction (complex formation) between starch-OH groups on the surface of
the granule, which thus stabilizes the starch granules (Jane, 1993; Ruiz-Guiérrez et
al., 2012). Pigeonpea starch has very low fat content (0.31%, db), therefore, an
endotherm at about 90-114 °C of an amylose-lipid complex phase transition is not
detected.

After storage at 5+1°C for 7 and 14 days, gelatinized starch molecules

reassociate to an ordered structure and this process is referred to as retrogradation. For
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all the gelatinized starches in DSC pan stored for 7 and 14 days at 5°C, the results
showed that the endotherm to have a low temperature for T, of 43.20-53.78°C, T, of
61.29-65.13°C and T, of 72.52-82.80°C (Tables 4.8 and 4.9). The melting
temperatures of retrograded starch shifted more to the lower temperatures than the
gelatinization temperatures (Table 4.7). However, the melting temperatures of
retrograded starch in the DSC pan stored for 14 days at 5°C were higher than those
stored for 7 days. Moreover, the gelatinized starches stored for 14 days had narrower
melting temperature range (T¢-T,) than those stored for 7 days. Compared to the
retrograded native starch, the retrograded HMT-starch and HMT-Ca starch had
significantly higher (p < 0.05) To, Tp, Tc and wider (T¢-T,), but lower AH, than the
retrograded native starch. An increase in Ca®*-starch ratio increased the T, Tpand T
of the retrograded HMT-Ca starches. According to Miles et al. (1985), the
retrogradation process of starch consists of two stages. The first stage is the fast
development of the gel structure by amylose gelation within 24 h. The endotherm of
melt amylose retrograded structure (presumably crystalline structure) can be found at
a high temperature of about > 100°C (Boltz and Thompson, 1999; Liu et al., 2007),
which was not found in these results. The second stage is the organized structure in
the starch gel continues to develop slowly by amylopectin within 2 weeks of storage
(Liu et al., 2007; Ward et al., 1994). Therefore, these DSC results for all retrograded
starches mainly resulted from amylopectin retrogradation.

The broadening of crystallite melting endotherm reflects melting
crystallites of different stability and perfection formed due to starch chain associations
(amylose-amylopectin and/or amylopectin-amylopectin) during gel storage (Lawal,

2005). The melting temperature range (T¢-T,) gives an indication of the quality and
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heterogeneity of the re-crystallized amylopectin. From the XRD and amylose leaching
results, the order of starch granules rigidity was HMT-Ca(OH), starch ~ HMT-
CeH10CaOg starch > HMT-CaCl, starch > HMT-starch > native starch and vice versa
for amylose leaching. Therefore, the order of the AH,and % retrogradation was HMT-
Ca(OH), starch ~ HMT-C¢H19CaOg starch < HMT-CaCl, starch < HMT-starch <
native starch.

The higher values of AH;14 compared to AH,; of all starches indicated
the process of aggregation and reformation of crystallities, and these were established
after 14 days of storage compared to 7 days. Consequently, more energy is needed to
dissociate the bonding forces after 14 days of storage.

For all starch pastes, the % retrogradation increased with storage time
(Table 4.10). The % retrogradation of native starch paste was higher than that of the
HMT- starch paste. These results were similar to that reported for the African yam
bean starch by Adebowale et al. (2009), which the HMT starch had less
retrogradation than native starch. The % retrogradation of the HMT-Ca starches was
lower than that of the HMT- starch, and an increase in Ca**-starch ratio decreased %
retrogradation. The results showed that HMT and HMT in the presence of a calcium
compound retard starch retrogradation. The results also showed that HMT of starch in
the presence of Ca(OH), and C¢H10CaOs could retard starch retrogradation better than
HMT in the presence of CaCl,. The mechanism of retrogradation inhibition could be
considered as the Ca®* ions attract with OH groups of starch chain, stabilize the

amorphous and entangled matrix of gelatinized starch.
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Table 4.8 Thermal properties of retrograded native starch and HMT-starch that
treated at 110°C for 1 h stored at 5°C for 7 days

Type of Type of Ca’*":Starch T, Tp T, T-T, AH,;
Pigeonpea Calcium o o o o
Stgrchp Compound C) C) C) C) (J9)

43.20° 61.86° 72.52"  29.32f 7.17°
(0.05) (0.05) (0.00) (0.05) (0.05)

Native starc - -

Heat- o1 45.63f 63.46° 76.299  30.40% 4.99"
moisture - :

reated at (0.47) (0.26) (0.15) (0.47) (0.04)
110°C, 1 h

47.16° 63.46™ 77.22"  30.06° 4.14°

Ca(OH), 0.0001:1
0.10)  (0.42) (0.23)  (0.25)  (0.06)

48.00° 64.80° 79.62°  31.62% 3.76°

0.0004:1
(0.02) (0.12) (0.25) (0.27) (0.09)
48.85°  64.64° 79.88°  31.03° 2.72°

0.0007:1
(0.19) (0.00) (0.15) (0.18) (0.07)
47.23° 63.28™ 77.82°  30.24% 4.72°

CaCl, 0.0001:1
(0.04) (0.06) (0.12) (0.23) (0.17)
47.58° 63.28° 77.82%  30.24%  455%

0.0004:1
(0.11) (0.06) (0.12) (0.23) (0.05)
47.84%  63.80° 79.74°  31.90° 4.58%

0.0007:1

(0.10)  (0.65) (0.26)  (0.36)  (0.29)

47.14°¢ 62.56 78.17%  31.03° 3.83°

CeHipCaOs  0.0001:1
(0.05)  (0.15) 0.23)  (0.19)  (0.07)

47.66° 63.71% 78.76°  31.10" 3.65°
(0.04) (0.23) (0.12) (0.11) (0.04)

0.0004:1

48.47° 63.90° 80.54%°  32.07° 3.32f
(0.05) (0.08) (0.28) (0.28) (0.02)

To Tp Te, Te-T, represent the onset, peak, conclusion of gelatinization, and the gelatinization
temperature range, respectively.

AH,; represents enthalpy of retrogradation at 7 days

The reported values are means (SD.)

Means with different letters (a, b, ..) in each column are significantly different (P < 0.05).

0.0007:1
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Table 4.9 Thermal properties of retrograded native starch and HMT-starch that
treated at 110°C for 1 stored at 5°C for 14 days

Type of Type of Ca*:Starch T, T, T, T-T, AH,,
Pigeonpea  Calcium o o o o
Starch Compound (°C) (°C) (°C) (°C) (J/g)
) 47.73° 61.29" 75.50' 27.77° 8.37°
Native starch - -
(0.13) (0.20) (0.06) (0.10) (0.06)
Heat- f d h e b
moisture i 01 49.69 63.49 77.50 27.81 5.52
treated at (0.35) (0.56) (0.42) (0.76) (0.10)
110°C, 1 h
51.32° 64.10™ 79.33¢ 28.01° 5.08°
Ca(OH), 0.0001:1
(0.23) (0.02) (0.25) (0.39) (0.07)
b b f f f
0.0004:1 53.19 64.29 80.30 27.11 3.91
(0.23) (0.12) (0.16) (0.38) (0.04)
ab a ab cd g
0.0007:1 53.64 65.13 82.55 28.91 3.22
(0.17) (0.06) (0.10) (0.08) (0.07)
c e de abc c
cacl, 0.0001°1 52.29 63.68 81.70 29.42 5.05
(0.24) (0.25) (0.32) (0.29) (0.03)
c cd cd a c
0.0004:1 52.29 63.68 82.06 29.77 5.07
(0.24) (0.40) (0.10) (0.32) (0.07)
ab d bc d c
0.0007-1 53.49 63.42 82.18 28.69 5.23
(0.45) (0.24) (0.25) (0.21) (0.21)
51.80° 62.64° 81.39° 29.58%  4.60°
CeHoCa0 ) 5001:1
6 (0.29) (0.40) (0.23) (0.10) (0.16)
c d bc a e
0.0004:1 52.63 63.30 82.35 29.72 4.41
(0.20) (0.23) (0.21) (0.17) (0.15)
a b a bed f
0.0007-1 53.78 64.29 82.80 29.01 3.74
(0.09) (0.22) (0.19) (0.25) (0.05)

To, Tp, Te, Te-T, represent the onset, peak, conclusion of gelatinization, and the gelatinization

temperature range, respectively.

AH, 4 represents enthalpy of retrogradation at 14 days

The reported values are means (SD.)

Means with different letters (a, b, ..) in each column are significantly different (P < 0.05).
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Table 4.10  Gelatinization and melting of retrograded starch enthalpy of native
starch and HMT-starch that treated at 110°C for 1 h

Type of Typeof Ca*:Starch  AH, AH; AH,,  %Retrogra %Retrogra
Pigeonpea  Calcium dation; dationy,
Starch Compound (J/9) (J/9) (J/9)
Native ) ] 1350°4  7.17°¢  837*°®  53.10°®  61.98°"
starch (0.15) (0.05) (0.06) (0.46) (0.39)
Heat- o1 10.39°A 4.99°¢ 552°8  48.06°8  53.19°A
moisture - :
treated at (0.24) (0.04) (0.10) (0.84) (0.47)
110°C, 1
h 9.098°A 4.14°¢ 5.08°8  44.22°®  50.90°A
Ca(OH), 0.0001:1
(0.05) (0.06) (0.07) (0.70) (0.54)
8.60"A 3.76°8 3.018 43.73%% 454594
0.0004:1
(0.12) (0.09) (0.04) (0.41) (1.09)
7.7894 2.729¢ 3.2298 34.97'8 41.42°4
0.0007:1
(0.19) (0.07) (0.07) (0.85) (0.19)
9.75%A 4.72°¢ 5.05°8  48.42°B  51.82%A
CaCl, 0.0001:1
(0.16) (0.17) (0.03) (0.82) (0.88)
9 74°A 4.55%¢ 5.07°8  46.72°® 52,08~
0.0004:1
(0.06) (0.05) (0.07) (0.77) (0.39)
9.89°A 4.58%¢ 5238 46.35°8 52 77%A
0.0007:1
(0.13) (0.29) (0.21) (0.90) (2.56)
9.96°A 3.83¢¢ 460°®  3850°%  46.239A
CeH1oCa0s  0.0001:1
(0.09) (0.07) (0.16) (1.00) (1.74)
9.579A 3.65°¢ 4.41°®  38.16°%  46.099"
0.0004:1
(0.21) (0.04) (0.15) (0.67) (1.33)
8.97¢~ 3.328 3.74'8 37.06°8  41.70°A
0.0007:1
(0.08) (0.02) (0.05) (0.17) (0.83)

The reported values are means (SD.)

Means with different letters (a, b, ..) in each column are significantly different (P < 0.05).

Means with different letters (A, B, ..) in each row are significantly different (P <0.05).
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4.2.6 Freeze-thaw stability

The % syneresis increased significantly with increase in the number of
freeze-thaw cycles (p < 0.05). The results showed that for the first two cycles the
paste of all heat-moisture treated starches had higher % syneresis than the native
starch paste, and vice versa for the last two cycles (Table 4.11). Except for the 1%
cycle, all the HMT-Ca starch pastes had lower % syneresis than the HMT starch
paste. After five freeze-thaw cycles, the HMT-Ca(OH), starch at the Ca®*-starch ratio
of 0.0007:1 gave the minimum % syneresis of 42.36, while the native starch gave the
maximum % syneresis of 62.36. Freeze-thaw stability is an important factor to be
considered when formulating refrigerated and frozen foods (Yadav et al., 2013). A
lower syneresis indicates the higher freeze-thaw stability of starch. The order of
calcium compounds that gave good freeze-thaw stability for the HMT starch was
Ca(OH), > CgH19Ca0g > CaCl,. When using Ca(OH), or C¢H10CaOg, the higher Ca?*-
starch ratio resulted in a lower % syneresis. For HMT-CaCl, starch, an increase in the
Ca**-starch ratio increased % syneresis, however, its increase was lower than that of
HMT-starch and native starch. The reduction in % syneresis by heat-moisture
treatment was similar to that reported for the water chestnut starch by Yadav et al.
(2013), which the HMT-starch had lower % syneresis than the native starch.

It has been reported that exudation of water from the starch gel system
stored at low temperature could be the result of increasing the intermolecular
hydrogen bonding between amylose-amylose, amylose-amylopectin or amylopectin-
amylopectin interactions (Hoover et al., 1997; Yadav et al., 2013). As syneresis is
resulted to formation of free water exuded from retrograded starch gel with

association of amylose molecules progressed. As it is shown from the experiment that
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heat-moisture treatment of starch with calcium compounds can stabilize starch
granules, less amylose leach out from granules, thus the distance between separate
amylose chains is the important factors (Hoover and Manuel, 1996). For the first two
cycles, % syneresis of the HMT-starch and HMT-Ca starches were higher than native
starch, suggested that the faster retrogradation than the native starch. The reason for
this could not be explained. However, in the last three cycles, less % soluble and less
amylose leaching out caused lower % retrogradation, and thus lower % syneresis of
HMT-Ca starches than HMT-starch (without adding calcium compound) and native
starch. The high freeze-thaw stability of HMT-Ca starches suggested that they could
be used to improve the freeze-thaw stability of frozen food products. The HMT-

Ca(OH), starch displayed the best freeze-thaw stability.



76

(S0°0> d) walaylp Apuediyiubis ale uwinjod yoes ul (* ‘q ‘e) SI819] JUIBLP YUM SUBS
'ds F sueaw aJe sanjen paliodal ayl

8L0F FPOF  LOTF LTF6E 8TIF 6F9C  LTOF FLTE CETF wIT0E [:£000°0
880F 88k TLIF SL0F LLOF £99€  LBOF 987¢ FOOF pogel£0E [+000°0
SEOF plo6r  T80F LOEF IT'TF ,8T°6t TFOFul9tE ETTF ,uE00E [:T000°0 0EDHD
E60F HPTE  SITF 68Tk CCOF o b89E [90F 0P +E IS0F LL0F [:£000°0
SI'TF 6778 IL0F ub9ek 99 0Fp0LLE  LEOF o80°¢C 650 F peTL 6T [+000°0
SLOF LELOS  S60F E6HF  E€S0F FE8E  650F 8P HE 9L 0F apoqB6'8T 110000 Giele
TLOF 9ETF  +RO0F ,pE8E 9 0Fpyq[8'LE 860F T67CE HOF LL0'8T 1°£000°0
LEDF #£8FF  0S0F F90F LYOF plTLE T90F 6T EE EETF it 8T [+000°0 )
86°0F gfT9F  L60F LI60F tF0F (89'8L [6'0F 68 EE LT 1 Fypoqe60'6T 110000 “HOXD _ﬂw%..mw%ﬁ_ﬁ
FOOF JILFS FOOF SL9F F6'0F L91F 60T L8EE TETF  9¢LT I:0 - uhz.wﬂ_h
ITTF HLT9  880F LFOS SFIF SETF [60F F91¢ ISTF LETT - - Y2IEIS DATIEN
S t £ < f punodwo)  yImIg
wnE) eaduoadiy
APLD 10) (v,) SISAUAG RELING o) JoadLig Joadsp
U T 10§ D,0TT ¥e pajea ey yoJels- | INH pue Yarels aAlleu M/M %G JO SIsaisuhs o8yl TT'v 3|gel



7

From these results, the HMT-Ca(OH), starch at the Ca®*-starch ratio of
0.0007:1 gave the lowest swelling power, %solubility, amylose leaching and
gelatinization enthalpy (AHg). In addition, the HMT-Ca(OH), could be the good
freeze-thaw stability as a result of it lowest % syneresis and % retrogradation.
Therefore, it was selected to study the effect of temperature and time on the structure

and physicochemical properties of starch.

4.3 Effect of temperature and time of heat-moisture treatment on the

physicochemical properties of starch

4.3.1 Structural characteristics

4.3.1.1 Light microscopy
Figure 4.7 shows the granular images of the HMT starch in
the absence of and the presence of Ca(OH), at different temperatures and times of
heat-moisture treatment from light/polarized light microscopy. The light microscope
images show that that temperature and time used for heat-moisture treatment did not
apparently affect morphology of starch (Figure A.10). As the granules still exhibited a
diffuse polarized cross, suggesting the presence of an ordered complex. However,
polarized light images show increases in the temperature and time for heat-moisture
treatment caused an increase in the loss of birefringence at the granule center (Figure
A.11), indicating that more partial melting occurred during heat-moisture treatment.
Comparing at constant temperature and time, the presence of Ca(OH), led to a greater
loss of birefringence at the granule center than the HMT in the absence of Ca(OH),.

The higher temperature of HMT resulted in the higher thermal energy that disturbed
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the double helices, which form crystallites. This promoted their mobility, and led to a

loss of radial orientation (Chung et al., 2009).
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4.3.1.2 Scanning electron microscopy (SEM)

Figure 4.8 shows the granular structure of the HMT starch in
the absence of and the presence of Ca(OH), at different temperatures and times of
heat-moisture treatment taken from a scanning electron microscope. With heat-
moisture treatment, the higher temperature and time level created more dents on the
surface of the modified starches. HMT starches in the absence of Ca(OH),, increases
in temperature and time caused more cracks and dents in the starch granules than
HMT starch took place in the presence of Ca(OH),. For all the modified starches the
higher temperatures and times cause loss of the physical integrity of the granular
surface (Figure A.12-A.14). These changes on the surface of the starch granules could
be attributed to the partial melting of starch caused by increases in thermal force as

HMT temperature and time increased (Li et al., 2011).
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4.3.1.3 X-ray diffraction and relative crystallinity

Figure 4.9 shows the crystalline patterns of the HMT-starch
and HMT-Ca(OH), starch treated at different temperatures and times. The XRD
pattern for these starches indicates A-type diffraction patterns, with diffraction strong
peaks at 15.2°, 17.2° 18.1° and 23.1° 260 and weak peaks at 11.5°, 20.0°, 26.5° and
30.3° 20 (Horng, 2007). The intensity of diffraction peak and % RC decreased with an
increase in treatment temperature. Generally, comparing heat-moisture treatment at
constant temperature and time, the peak intensity at 11.5°, 15.2°, 17.2° 18.1° 20.0°
and 23.1° 26 and % RC of HMT-Ca(OH), starches were higher than those of the
HMT-starches (Table 4.12). The % RC of HMT-starch was 29.49-32.95%, while that
of HMT-Ca(OH), starches was 31.00-34.50%. It was also found that % RC decreased
with an increase in treatment temperature or time. Changes in the intensities of
diffraction peaks as heat-moisture treatment temperature and time increased are
considered a result of an increase in thermal energy. This could be attributed to the
fact that the double helices were disturbed and more mobile (Chung et al., 2009; Li et
al., 2011), and then reassociation within the crystalline domain of the starch granules;
consequently, the amount of direct hydrogen bonds increased (da Rosa Zavareze and
Dias, 2011; Klein et al., 2013; Sui et al., 2015). Therefore, the increase in heat-
moisture treatment temperature and time accelerated molecular rearrangement that led

to a strengthening of the association of double helices.



HMT-Ca(OH); starch 120°C, 2 h
HMT-Ca(OH), starch 120°C, 1 h

HMT-Ca(OH); starch 110°C, 2 h
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The X-ray pattern Effect of HMT-starch and HMT-Ca(OH), starch at

the Ca?*-starch ratio of 0:1 and 0.0007:1
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4.3.2 Swelling power, % solubility and amylose leaching

Table 4.13 shows that swelling power, % solubility and amylose
leaching of the HMT-starch and HMT-Ca(OH), starch decreased with an increase in
treatment temperature (p < 0.05). Generally, comparing heat-moisture treatment at
constant temperature and time, these three properties of HMT-Ca(OH), starches were
lower than those of the HMT-starches. For HMT-starch, swelling power decreased as
treatment time increased at a constant temperature of 100°C and 110°C (p < 0.05). Its
% solubility increased with an increase in treatment time at 100°C, and vice versa for
110°C and 120°C (p < 0.05). Amylose leaching decreased with treatment time at
110°C (p < 0.05). For HMT-Ca(OH), starch, the swelling power and amylose
leaching of HMT-Ca(OH), increased as treatment time increased at 100°C (p < 0.05).
At 120°C, treatment time did cause a decrease in % solubility and an increase in
amylose leaching.

The decrease in swelling power, % solubility and amylose leaching as the
heat-moisture treatment temperature and time increased could be attributed to the
existence of strong binding forces particularly in the existing crystallites (Adebowale
et al., 2005). The decrease in swelling power also was assigned to some
transformation of amorphous amylose into a helical form, an increase in interactions
between starch molecule chains such as amylose-amylose, amylose-amylopectin and
amylopectin-amylopectin chains to form the ordered structure (double helical), and
alteration in the interaction between the crystalline and the amorphous matrix during
HMT (Eerlingen et al., 1997; Gunaratne and Hoover, 2002; Lawal, 2005; Li et al.,
2011; Olayinka et al., 2008; Sun et al.,, 2014; Varatharajan et al., 2010). As

previously discussed before, heat-moisture treatment of starch with Ca(OH), can
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stabilize starch granules which resulted in less swelling of granules, and less soluble

leaching from the granules.
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4.3.3 Pasting properties of starches

The pasting properties of HMT-starch and HMT-Ca(OH), starch are
presented in Table 4.14. Generally the viscosity at the end of the heating period at
95°C (np) and viscosity at the end of the cooling period at 50°C (n) of HMT-starch
and HMT-Ca(OH), decreased as treatment temperature and time increased (p < 0.05),
except at 100°C both values increased with treatment time. Compared to HMT-starch,
the n, and n. of HMT-Ca(OH), starches were lower. Moreover, the treatment
temperature and time did not significantly affect the pasting temperature of all HMT-
starch and HMT-Ca(OH), starch (p > 0.05). The effect of temperature and time on np
and m. were correlated with their low swelling power, % solubility and amylose
leaching (Table 4.13). On account of the restricted swelling of starch granules, which
was limiting the leaching of amylose into the medium led to decrease in viscosity.
Moreover, decrease in nn and n. of HMT-Ca(OH), was a result of a decrease in
swelling of starch granules led to a small amount of amylose leaching, therefore
viscosity decreased.

It seems common that the heat-moisture treatment with the higher
temperature and/or longer heating time resulted in decrease in peak and final
viscosities of starches. For examples, these phenomena occurred in maize starch as
reported by Sui et al. (2015) and also in rice, cassava and pinhao starches as reported
by Klein et al. (2013). The common explanation for these phenomena given by these
researchers was that the higher temperature and/or longer heating time brought about
the better packaged (more densely packed structure) and ordered crystalline array (A-
type) in starch granules during heat-moisture treatment led to restricted swelling and a

small amount of amylose leaching, therefore, these viscosities decreased.
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4.3.4 Rheological properties

The flow behavior of all starch gels studied in this section at 25°C and
shear rate ranging between 0.1-1000 s™ also showed a pseudo-plastic with yield stress
following the Herschel-Bukley model with R? > 0.97. Their 1o, K and n values are
reported in Table 4.15. The 1o of HMT-starch decreased with an increase in treatment
temperature and time. At constant temperature and time, HMT-Ca(OH), starch had
lower 19 than HMT-starch. For HMT-starch, the K value decreased as treatment
temperature and time increased. Its n value decreased with an increase in treatment
time at 100°C, and vice versa for 110°C. At 120°C, treatment time did not affect the n
value of HMT-starch. For the HMT-Ca(OH), starch, K value decreased with an
increase in treatment temperature, but was not affected by treatment time. Its n value
increased with an increase in treatment temperature, but it also did not affected by
treatment time. The K value of starch gel depends on the effect of swollen granules
and amylose leaching which thicken the viscosity of the continuous phase
(Osundahunsi et al., 2011). The lower swelling power and amylose leaching (see
section 4.3.2) resulted in a lower K value.

Figures 4.10a and 4.10b show that G' was higher than G” for every
treatment of HMT-starch and HMT-Ca(OH), starch. The G' of HMT-starch gel was
higher than that of the HMT-Ca(OH), starch. At constant temperature and time, the
G'1, G"1, (tan 8); and the obtained exponent constants (a, b and ¢ with R? ranging
0.90-0.98) are reported in Table 4.16. An increase in the treatment temperature and
time decreased the G’y and G”;, The (tan 8); was not affected by treatment temperature
and time. For all treatments, both HMT- and HMT-Ca(OH), starch gel gave the “a”

value of < 0.09 (near zero) and (tan d); of < 1. This indicated that they had a weak to
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stable gel structure and behaved as an elastic-like solid (Acevedo et al., 2013;

Maache-Rezzoug et al., 2010; Osundahunsi et al., 2011).
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Table 4.15  Herschel-bulkley constants [yield stress (to), consistency coefficient
(K) and flow behavior index (n)] of 5 % w/w HMT-starch and HMT-
Ca(OH), starch at the Ca*-starch ratio of 0:1 and 0.0007:1 at 25°C and
shear rate between 0.1-1000 s

Treatment Temperature T0 K n
(°C) (Pa) (Pa-s")
and Time (h)
HMT in the absence of 6.62° 0.28% 0.75"
100/1
(0.30) (0.03) (0.01)
Ca(OH), 6.14° 0.25" 0.69°
100/2
(0.13) (0.04) (0.01)
5.45° 0.26" 0.69¢
110/1
(0.11) (0.01) (0.02)
5.45° 0.25" 0.78°
110/2
(0.04) (0.00) (0.03)
1.73f 0.19¢ 0.83?
120/1
(0.19) (0.02) (0.02)
0.96¢ 0.17¢ 0.83?
120/2
(0.03) (0.00) (0.01)
HMT in the presence 2.73° 0.23° 0.73°
100/1
(0.24) (0.01) (0.02)
of Ca(OH), 2.30° 0.22° 0.76°
100/2
(0.22) (0.01) (0.01)
2.73¢ 0.11" 0.82°
110/1
(0.19) (0.02) (0.02)
2.46° 0.11" 0.81°
110/2
(0.10) (0.01) (0.03)
0.84° 0.11" 0.84°
120/1
(0.13) (0.00) (0.01)
0.80¢ 0.11" 0.84%
120/2
(0.06) (0.02) (0.02)

The reported values are means (SD).
Means with different letters (a, b, ..) in each column are significantly different (P < 0.05).
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Figure 4.10  Viscoelastic properties of 5% w/w HMT-starch (a) and HMT-Ca(OH),
starch (b) at the Ca**-starch ratio of 0:1 and 0.0007:1 at 25°C, 1%
strain and frequency ranging 0.1 to 10 Hz
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Table 4.16  Rheological properties of gels. The power raw model was fitted to
experimental measurements

* *

Treatment Temperature GYy a G"™; b (tan 9), c
°C) and Time
(°C) () (Pa) (Pa)
HMT in the 100/1 7.02¢ 0.02f 4.94°  0.03" 0.70° 0.01°
(0.21) (0.00)  (0.07)  (0.00)  (0.03) (0.00)
absence of 100/ 6.24° 0.03° 493  0.03" 0.79° 0.01°
(0.05) (0.00)  (0.06)  (0.00)  (0.00) (0.00)
Ca(OH), " 4.77° 0.04° 2.94°  0.06°  0.62° 0.02°
(0.02) (0.00)  (0.07)  (0.00)  (0.02) (0.00)
4.36° 0.04¢ 2.54° 0.06¢ 0.58° 0.03°
11072
(0.13) (0.00)  (0.01)  (0.00)  (0.02) (0.00)
2.39° 0.07° 1.53¢ 0.11f 0.64° 0.04°
120/1
(0.05) (0.00)  (0.02)  (0.00)  (0.00) (0.00)
2.09 0.08" 1.25f 0.13¢  0.60%® 0.05°
120/2
(0.07) (0.00)  (0.01) (0.00) (0.02) (0.00)
HMT in the L0/ 2.18f 0.08° 1.35° 0.12° 0.62¢ 0.04°
presence of (0.03) (0.00) (0.03) (0.00) (0.01) (0.00)
Ca(OH), 1002 2.23 0.08" 1199 0.14° 054 0.06°
(0.08) (0.00)  (0.01) (0.00) (0.02) (0.00)
2.18f 0.08" 1.13" 0.15° 0.53f 0.07
110/1
(0.04) (0.00)  (0.02)  (0.00)  (0.00) (0.00)
2.00¢ 0.08" 1.06' 0.16° 0.53f 0.07
110/2
(0.06) (0.00)  (0.02)  (0.00) (0.01) (0.00)
1.95¢ 0.09% 1.06' 0.16° 0.54f 0.07
120/1
(0.01) (0.00)  (0.01) (0.00)  (0.01) (0.00)
1.82" 0.09% 0.96' 0.18 0.53f 0.09%
120/2

(0.03)  (0.00)  (0.00) (0.00) (0.01)  (0.00)

The reported values are means (SD).

Means with different letters (a, b, ..) in each column are significantly different (P < 0.05).

“The exponents (a, b and c) were obtained from fitting the data using the power law model (Equations
5 to7).
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4.3.5 Thermal properties and retrogradation

The DSC thermograms and thermal properties of the HMT-starch and
HMT-Ca(OH), starch treated at different treatment temperatures and times are shown
in Figure 4.11 and Table 4.17, respectively. In general, increases in treatment
temperature and time increased the To, Tpi, Tp2 and T, of HMT-starch and HMT-
Ca(OH); starch, but decreased AHqy. Compared to HMT-starch (without Ca(OH),), the
To, Tp and T, of HMT-Ca starch were significantly increased (» < 0.05), and
decreased AHg. The (T¢-T,) of the HMT-starch and HMT-Ca(OH), starch decreased
as treatment time increased at constant temperature, except for at 120°C.

After storage the starch pastes at 5+1°C for 7 and 14 days, all the
retrograded starches showed the melting of retrograded starch endotherms at lower
temperatures, wider (T.-T,) and lower AH, than those at 0 day. However, the longer
storage time (14 days) resulted in higher melting temperatures of retrograded starch,
narrower (T.-T,) and higher AH; (Tables 4.18 and 4.19). The effect of treatment
temperature and time on the thermal properties of all retrogradation starches for 7 and
14 days were similar to those of their counterpart starches.

For both HMT-starch and HMT-Ca(OH), starch pastes, the %
retrogradation increased with storage time, and an increase in treatment temperature
and time decreased % retrogradation (Table 4.20). The % retrogradation of HMT-
starch paste was higher than that of the HMT-Ca(OH), starch paste.

An increase in the T,, Tp and T of starches with increase in heat-
moisture treatment temperature (100-120°C) and time (1-2 h) caused interactions
between amylose molecules with the amylopectin chains present in the branched

crystalline regions, consequently reducing the mobility of the amylopectin chains,
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which resulted in an increase in the melting temperatures (Arns et al., 2015; Hoover
and Manuel, 1996; Hoover and Vasanthan, 1994). A high heat-moisture treatment
temperature leads to high T,, T, and T, and the changes in these thermal properties
are also due to some of the weak crystallites being destroyed during heat-moisture
treatment and the stronger and stable crystallites in starch granules remaining with
melting of retrograded starch at higher temperature (Altay and Gunasekaran, 2006;
Lim et al.,, 2001; Yadav et al., 2013). Increase in the heat-moisture treatment
temperature and time resulted in an increase in partial melting (see section 4.3.1.1 and
4.3.1.2), as well as the reassociation of double helices strengthening the crystalline
domain and leading to harder starch gelatinization (see section 4.3.1.3). Therefore,

gelatinization enthalpy decreased.
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Figure 4.11 Thermogram of HMT-starch and HMT-Ca(OH), starch at the Ca?*-
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Table 4.18  Thermal properties of retrograded HMT-starch and HMT-Ca(OH),
starch at the Ca®*-starch ratio of 0:1 and 0.0007:1 stored at 5°C for 7

days

Treatment Temperatl_J re T, Tp T, TT, AH,;
a™ o o o 9 0y

HMT in the 43.48" 54.65" 74,59 31.11° 6.53°

absence of 100/1

(0.45) (0.41) (0.12) (0.32) (0.01)

Ca(OH), 48.80° 58.749 76.41° 27.79° 5.27"
10072 (0.45) (0.20) (0.36) (0.36) (0.09)

Lo 45.63° 62.65° 76.29° 30.40° 4.99°
(0.47) (0.26) (0.16) (0.47) (0.04)

10/2 50.44° 63.57" 77.49° 27.05° 3.95¢
(0.50) (0.46) (0.36) (0.28) (0.08)

0L 49.34° 61.59° 79.61° 30.26™ 2.19'
(0.32) (0.08) (0.22) (0.50) (0.09)

12012 53.32° 63.49" 80.37° 27.05° 1.69
(0.13) (0.33) (0.39) (0.51) (0.07)

HMT in the 4755 60.46" 77.98° 30.43° 3.51°
presence of 1oort (0.09) (0.26) (0.24) (0.12) (0.08)
Ca(OH), 50.83" 62.15" 80.03" 29.20° 2.98f
1002 (0.10) (0.10) (0.64) (0.71) (0.08)

o1 48.85% 64.64° 77.80" 31.03 2.72°
(0.19) (0.00) (0.15) (0.18) (0.07)

02 50.48° 63.57" 79.95" 29.48" 2.60"
(0.34) (0.46) (0.21) (0.55) (0.05)

o/ 50.37° 63.87" 81.36° 30.99% 1.25
(0.21) (0.11) (0.46) (0.61) (0.05)

L0 51.38° 63.62" 81.71° 30.33° 1.20
(0.52) (0.51) (0.19) (0.36) (0.12)

To, Tp, Te, Te-T, represent the onset, peak, conclusion of gelatinization, and the gelatinization
temperature range, respectively.

AH,- represent enthalpy of retrogradation at 7 days.

The reported values are means (SD).

Means with different letters (a, b, ..) in each column are significantly different (P < 0.05).
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Table 4.19  Thermal properties of retrograded HMT-starch and HMT-Ca(OH),
starch at the Ca®*-starch ratio of 0:1 and 0.0007:1 stored at 5°C for 14

days
Treatment Temperature T, To T, T To AHp4
°C) and Time o o o °
o O O O (O
HMT in the Lo0/1 48.53" 60.36° 76.48' 27.95° 7.37°
absence of (0.41) (0.23) (0.06) (0.40) (0.06)
Ca(OH), L0012 52.64° 62.53¢ 78.96' 26.33¢ 6.13"
(0.31) (0.39) (0.21) (0.36) (0.04)
49.69° 63.49°¢ 77.50" 27.81% 5.52°
110/1
(0.35) (0.56) (0.42) (0.76) (0.10)
52.23° 63.54° 78.379 26.09° 4.22¢
110/2
(0.21) (0.40) (0.16) (0.37) (0.08)
53.60° 63.15° 78.66™ 25.06' 2.37"
120/1
(0.15) (0.02) (0.26) (0.46) (0.05)
54.31° 63.50° 80.19° 25.88° 1.76'
120/2
(0.16) (0.12) (0.24) (0.41) (0.07)
HMT in the L0 51.34f 62.63¢ 80.15° 28.79" 4,03
presence of (0.29) (0.19) (0.09) (0.29) (0.05)
Ca(OH), 1002 52.63¢ 65.13° 81.43¢ 28.79" 3.43
(0.17) (0.20) (0.28) (0.36) (0.05)
53.64¢ 65.26° 82.55° 28.91° 3.229
110/1
(0.17) (0.06) (0.10) (0.08) (0.07)
53.63¢ 65.26° 83.27° 29.64° 3.129
110/2
(0.20) (0.28) (0.21) (0.29) (0.17)
55.33" 64.40° 82.52° 27.19¢ 1.38'
120/1
(0.18) (0.37) (0.35) (0.22) (0.13)
55.81% 65.22% 83.74% 27.93° 1.24%
120/2
(0.10) (0.17) (0.13) (0.21) (0.08)

To, Tp, Te, Te-T, represent the onset, peak, conclusion of gelatinization, and the gelatinization
temperature range, respectively.

AH,, represent enthalpy of retrogradation at 14 days.

The reported values are means (SD).

Means with different letters (a, b, ..) in each column are significantly different (P < 0.05).
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Table 420  Gelatinization and melting of retrograded starch enthalpy of HMT-
starch and HMT-Ca(OH), starch at the Ca®*-starch ratio of 0:1 and
0.0007:1
Treatment  Temperature AH, AH; AH,14 %Retrogra %oRetrogra
°C) and dation, dationyy
s (Jg) (Jg) (Jg)
HMT in the 13.31%4 6.53% 7.37%8 48.66% 54.92%
absence of 100/1
(0.17) (0.01) (0.06) (0.62) (0.37)
Ca(OH), L0012 11.36™ 5.27°¢ 6.13" 46.38°® 53.97"
(0.25) (0.09) (0.04) (0.45) (0.58)
" 10.39%A 4.99 5.52°8 48.06® 53,1974
(0.24) (0.04) (0.10) (0.84) (0.47)
1002 8.46% 3.95% 4.22% 46.68°® 49.97%
(0.28) (0.08) (0.08) (1.01) (0.10)
0L 4.66™ 2.19"® 2.37"8 46.93® 5077
(0.08) (0.09) (0.05) (0.70) (0.48)
12012 3.65% 1.698 1.76" 46.24%® 48.30%
(0.19) (0.07) (0.07) (0.80) (0.86)
HMT in the L00L 8.5294 3.51% 4.03%® 41.22% 47.10%4
presence of (0.39) (0.08) (0.05) (1.04) (0.80)
Ca(OH), L00/2 7.50%A 2.98 3.43® 39.79%8 45.82%
(0.43) (0.08) (0.05) (0.27) (1.17)
" 7.78%A 2.72% 3.22% 34.97™® 41.42%
(0.19) (0.07) (0.07) (0.85) (0.19)
" 7.56%A 2.60" 3.129% 34.42™ 41.25%
(0.22) (0.05) (0.17) (0.60) (0.60)
Lo/ 3.549% 1.25%@ 1.38® 35.64 39.01™
(0.44) (0.05) (0.13) (0.98) (0.98)
12012 3.529A 1.208 1.24%8 34.29® 35.38"
(0.43) (0.12) (0.08) (0.76) (0.76)

The reported values are means (SD).

Means with different letters (a, b, ..) in each column are significantly different (P < 0.05).

Means with different letters (A, B, ..) in each column are significantly different (P <0.05).
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4.3.6 Freeze-thaw stability

The results in Table 4.21 shows that the HMT-Ca(OH), starch pastes
gave lower % syneresis than the HMT-starch pastes (without Ca(OH),). As freeze-
thaw cycles increased, % syneresis increased. However, after five freeze-thaw cycles,
the HMT- Ca(OH), starch at 120°C and 2 h gave the minimum % syneresis of 35.14
(p <0.05), while the HMT starch at 100°C and 1 h gave the maximum % syneresis of
56.55 (p < 0.05). Therefore, this result suggests that the HMT-Ca(OH), starch at the
Ca**-starch ratio of 0.0007:1 treated at 120°C and 2 h gave the best freeze-thaw
stability. Compared to the HMT-starch, heat-moisture treatment of starch with
Ca(OH), can stabilize starch granules, lower % syneresis due to the fact that it had

lower swelling power and % amylose leaching.
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4.4 The links between XRD study and physical properties (swelling power,

amylose leaching, % retrogradation, K, G’ and % syneresis)

All obtained data from native, HMT-starch and HMT-Ca starches showed that
there were the links between XRD study and physical properties (swelling power,
amylose leaching, % retrogradation, consistency coefficient (K), storage modulus (G’)
and % syneresis). The results of XRD study, swelling power and amylose leaching
suggested that the heat-moisture treatment, especially in the presence of calcium
compounds, gave more rigid starch granules (lower swelling power and amylose
leaching) with less number (lower % RC) but stronger crystallites (A-type instead of
C-type found in the native starch). The lower amylose leaching gave the lower %
retrogradation. The results showed that % retrogradation decreased as % RC
decreased. This indicated that crystallites in those starch granules, which had lower
number of crystallites, were stronger. Consequently, those starch granules, which had

lower % RC and % retrogradation, had lower K, G’ and % syneresis.

4.5 Suggested concentration of starch used for applications

Concentration of starch is very important for their applications as it controls
viscosity of starch suspension/product. Most applications required the close packing
concentration, which can be calculated from the swelling power using Equation 10
derived by Willett (2001). This concentration for starches in this research was

calculated and showed in Table 4.22 and 4.23.

Close packing concentration = maximum packing fraction (%) x density (g/ml) [10]

swelling power (g/g)



Table 4.22  The close packing concentration of starches studied in this research
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Type of Type of Ca’*:Starch Close Packing
pigeonpea Calcium Concentration
starch Compound (%)
Native starch - - 289 + 0.70
Heat-moisture - 0:1 571 + 0.22
treated at Ca(OH), 0.0001:1 7.18 + 0.36
110°C, 1h 0.0004:1 894 + 0.25
0.0007:1 10.34 £+ 0.40
CaCl, 0.0001:1 6.65 + 0.34
0.0004:1 6.55 + 0.13
0.0007:1 549 + 045
CeH10CaOg¢ 0.0001:1 7.04 + 0.40
0.0004:1 8.21 + 0.36
0.0007:1 11.32 + 0.24
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Table 4.23  The close packing concentration of starches studied in this research
Treatment Temperature Close Packing Concentration
(°C) and Time (h) (%)
HMT in the 100/1 475 + 0.62
absence of
Ca(OH), 100/2 539 + 0.42
110/1 571 = 0.22
110/2 8.11 =+ 0.35
120/1 1222 + 0.26
120/2 1425 £ 0.70
HMT in the 100/1 725 + 026
presence of
Ca(OH). 100/2 592 + 0.28
110/1 10.34 + 0.40
110/2 11.01 = 0.42
120/1 1481 + 0.11
120/2 1754 = 0.75




CHAPTER V
CONCLUSIONS

The results of this research proved the proposed hypothesis that HMT in the

presence of a calcium compound strengthened the rigidity of starch granules as

compared to common HMT (in the absence of any calcium compound). The effects of

heat-moisture treatment on the properties of starch are as follows:

The X-ray diffraction shows that the native starch has the
characteristic “C” pattern, while the HMT-starch and HMT-Ca
starch have an “A” pattern with higher peak intensities and lower
relative crystallinity. The heat-moisture treatment causes partial
loss of birefringence of starch granules. The heat-moisture
treatment reduces the swelling power and amylose leaching of
native starch. The heat-moisture treatment increased the
gelatinization temperatures of native starch. Retrogradation
increased as the duration of the storage of gelatinized starch
increased. However, retrogradation reduced after HMT.

All starch gel showed pseudo-plastic with yield stress and the
storage modulus (G") was higher than the loss modulus (G").

Using calcium compounds increased the loss of birefringence,
freeze-thaw stability, flow behavior index (n) and gelatinization
temperatures but decreased relative crystallinity, swelling power
amylose leaching, mn, M consistency coefficient (K) and %

retrogradation.
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Using Ca(OH); and CgH10CaOg decreased swelling power, amylose
leaching, nn and 1 more intensely than using CaCl,.

An increase in the Ca**-starch ratio decreased the swelling power
and amylose leaching of HMT-Ca starches, while the gelatinization
temperatures and % relative crystallinity of HMT-Ca starches
increased. The HMT-Ca(OH), gave the highest freeze-thaw
stability starches was observed at the Ca?'-starch ratios of
0.0007:1.

The higher HMT temperature and longer HMT time resulted in
lower swelling power, amylose leaching, yield stress (7o),
consistency coefficient (K) and % retrogradation, but in higher
gelatinization temperatures and freeze-thaw stability.

By using different types of calcium compounds and varying Ca®*-
starch ratio, diverse functional properties of HMT-Ca starches
could be obtained for assorted applications both food and non-food.
From physicochemical properties of HMT-Ca starches, they may
be used in foods that require lower swelling, lower viscosity,
higher thermal stability and higher freeze-thaw stability.

The starch with the best freeze-thaw stability could be obtained by
HMT at 120°C for 2 h in the presence of Ca(OH), at the Ca®*-

starch ratio of 0.0007:1.
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Recommendations for future research
Further studies could:

1. The effects of salt concentration on physicochemical properties of
HMT-CaCl, were different from those of HMT-Ca(OH), and
HMT-CgH;0CaOg starches. These may be due to the fact that the
concentration of CaCl, used in this research is considered low
(0.014-0.063 mol/L) as compared to that commonly used in other
researches (~ 4M). Therefore, further research using higher
concentration of CaCl, should be investigated.

2. According to experimental results, freeze-thaw stability of HMT-
Ca starch was better than HMT-starch. Therefore, application of

HMT-Ca starch in frozen food should be tested.
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APPENDIX A

Figure of results
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Figure A.1  Light microscope images of starch granules.
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Figure A.2  Polarized light microscope images of starch granules
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Figure A.3  Scanning electron micrographs of native starch and HMT-starch
granules
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Figure A.4

Scanning electron micrographs of HMT-Ca(OH), starch granules
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Figure A.5  Scanning electron micrographs of HMT-CaCl, starch granules
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Figure A.6

Scanning electron micrographs of HMT-CgH1,CaOg starch granules
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Figure A.8  Thermogram of retrograded native starch and HMT-starches that
treated at 110°C for 1 h stored at 5°C for 7 days
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Light microscope images of starch granules
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Figure A.11

Polarized light microscope images of starch granules
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Figure A.12 Scanning electron micrographs of HMT-starch granules that treated at

100°C
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Figure A.13 Scanning electron micrographs of HMT-starch granules that treated at

110°C
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Figure A.16 Thermogram of retrograded HMT-starch and HMT-Ca(OH), starch at
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Figure A.17 Thermogram of retrograded HMT-starch and HMT-Ca(OH), starch at
the Ca*-starch ratio of 0:1 and 0.0007:1 stored at 5°C for 14 days



APPENDIX B

Procedure foramylose standard curve for amylose leaching

Accurate weights of all compounds were obtained at +0.002 g (BSA224S,
Sartorious ,Mettler Toledo, Switzerland)
0.01 N I,-KI preparation
e Prepare 0.01 N 1,-KI solution
o Weigh 0.13 g iodine (QRec™, NZ) and 0.30 g potassium iodide
(Ajax Finechem, NZ) in a 100 ml volumetric flask
o Adjust volume to 100 ml with distilled water
Standard amylose solution preparation
e Prepare 1 mg/ml amylose stock solution
o Weigh 200 mg pure amylose standard from potato (Sigma, UK)
a 50 ml volumetric flask
o Adjust volume to 50 ml with 0.3 M NaOH
o Heat at 95 °C for 30 min in a controlled shaking water bath.

o Cool the amylose standard solution in an ice bath
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in

e Prepare 2.00, 4.03, 6.04, 8.05, 10.07, 12.08, 16.10, 20.13 and 24.16 mg/mi

amylose standard solutions
o Pipette 0.5, 1.0, 1.5, 2.0, 2.5, 3, 4, 5 or 6 ml of 1 mg/ml amylose
stock solution into a 50 ml volumetric flask to obtain 2.00, 4.03,
6.04, 8.05, 10.07, 12.08, 16.10, 20.13 and 24.16 mg/ml amylose
standard solutions, respectively

o Adjust volume to 50 ml with 0.3 M NaOH
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o Pipette 0.1 ml of amylose solution into 5 ml of 0.5%
Trichloroacetic acid (AppliChem Panreac, Germany) and 0.05 ml
of 0.01IN I,-KI solution

o Keep the solution in a dark room for 30 min

o Measure the OD of each amylose solution with spectrophotometer
at 630 nm.

Amylose standard curve construction

e Plot amylose concentration (mg/l) versus OD

09 [y =0.0094x - 0.0046
0.8 | R2 = 0.9995

07 |
06 [
05 [
04 [

Absorbance at 630 nm

03
02
01 [

0 L T T N NN
0 20 40 60 80 100

Amylose concentration (mg/l)

Figure A.18 Amylose standard curve for determination of amylose concentration in
the supernatant obtained in section 3.4.3
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APPENDIX C
AOAC Official Method 943.02

pH of flour

Weigh 10.0 g test portions into clean, dry Erlenmeyer and add 100 ml recently
boiled water at 25°C. Shake until particles are evenly suspended and mixture is free of
lumps. Digest 30 min, shaking frequently. Let stand 10 min more, decant supernate
into 250 ml beaker, and immediately determine pH, using electrode and potentiometer

standardized by buffer solutions of pH 4.01, and of pH 9.18, both at 25°C.
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APPENDIX D
AOAC Official Method 975.03

Metals in Plants and Pet Foods
Atomic Absorption Spectrophotometric Method

(Applicable to calcium, copper, iron, magnesium, manganese, potassium, and zinc.)

A. Apparatus and Reagents

Deionized water may be used, and following:

@ Potassium stock solution.-1000 pg K/ml. Dissolve 1.9066 g dried (2 h
at 105°C) KCI in H,O and dilute to 1 L.

(b) Calcium stock solutions.-Prepare Ca stock solution and working standards.

(¢) Cu, Fe, Mg, Mn, and Zn stock solutions.

(d) Working standard solutions.-Dilute aliquots of solutions, (c), with 10%
HCI to make >4 standard solutions of each element within range of determination.
B. Preparation of Test Solutions

@ Dry ashing.-Accurately weigh 1 g test portion, dried and ground, in to
glazed, high-form porcelain crucible. Ash 2 h at 500°C, and let cool. Wet ash with
10 drops H,0, and carefully add 3-4 ml HNOg3 (1 + 1). Evaporate excess HNO3 on
hot plate set at 100-120°C. Return crucible to furnace and ash additional 1 h at
500°C. Cool crucible, dissolve ash in 10 ml HCI (1 + 1), and transfer
quantitatively to 50 ml volumetric flask.

(b) Wet ashing.-Accurately weigh 1 g test portion, dried and ground, into
150 ml beaker. Add 10 ml HNO3 and let soak thoroughly. Add 3 ml 60% HCIO,4
and heat on hot plate, slowly at first, until frothing ceases. Heat until HNOj is

almost evaporated. If charring occurs, cool, add 10 ml HNOg3, and continue



141

heating. Heat to white fumes of HCIO,4. Cool, add 10 ml HCI (1 + 1), and transfer
quantitatively to 50 ml volumetric flask.
C. Determination

To solution in 50 ml volumetric flask, add 10 ml 5% La solution, and
dilute to volume. Let silica settle, decant supernate.

Make necessary dilution with 10% HCI to obtain solutions within
range of instrument.
D. Calculations

Element, ppm (ug/g) = (ug/ml) x F/g test portion
Element, % = ppm (ug/g) x 10™

Where F = (ml original dilution x ml final dilution)/ml aliquot if original 50 ml is

diluted.
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APPENDIX E
AOAC Official Method 984.27

Calcium, Copper, Iron, Magnesium, Manganese, Phosphorus, Potassium,
Sodium, and Zinc in Infant Formula
A. Principle
Test portion is digested in HNO3/HCIO,4 and elements are determined by ICP
emission spectroscopy.
B. Reagents
(a) Water.-Distilled, deionized. Use throughout.
(b) Perchloric acid.-Double-distilled. Dilute 10 ml to 50 ml with H,O.
(c) Standards.-All preparations yield 1000 pg/ml.
(1) Calcium.-Place 2.4973 g CaCOg3 in 1 L volumetric flask with 300 ml
H,0, add 10 ml HCI, and after CO; has been released, dilute to 1 L.
(2) Copper.-Dissolve 1.000g Cu in 10 ml HCI plus 5 ml H,O to which
HNOs is added dropwise until dissolution is complete. Boil to expel fumes, cool,
and dilute to 1 L with H,O.

(3) Iron.-Dissolve 1.000 g Fe wire in 20 ml 5M HCI; dilute to 1 L with

H,0.
(4) Potassium.-Dissolve 1.9067 g KCI in H,O and dilute to 1 L with H0.
(5) Magnesium.-Dissolve 1.000 g Mg in 50 ml 1M HCI and dilute to 1 L
with H,O.

(6) Manganese.-Dissolve 1.000 g Mn in 10 ml HCI plus 1 ml HNO3 and
dilute to 1 L with H,0.

(7) Sodium.-Dissolve 2.5421 g NaCl in H,O and dilute to 1 L with H,0.



143

(8) Phosphorus.-Dissolve 4.263 g (NH4)HPO,4 in H,O and dilute to 1 L
with Hzo.

(9) Zinc.-Dissolve 1.000 g Zn in 10 ml HCI and dilute to 1 L with HO.

Commercially available certified standards may be substituted for any of the
above element solutions.

(d) Calibration standards.-Prepare to concentration indicated in Table E.1,
using standards above. All calibration standards should be prepared to contain
20% HCIO, to approximate HCIO,4 concentration in diluted digest.

C. Apparatus

@ ICP emission spectrometer.-Model 975 Plasma Atom Comp, or
equivalent, capable of simultaneous or sequential determination of Ca, Cu, Fe, K,
Mg, Mn, Na’; P, and Zn. Miniplus 2 peristaltic pump, or equivalent, used to feed
glass crossflow nebulizer. Suggested operating parameters: warm-up time (plasma
on), 30 min; exposure time, 5s; integration cycles, 1 cycle (2 on line exposures, 1
off line exposure); forward power, 1.1 KW; reflected power, <5 watts; analyte
uptake rate (w/pump), 0.8 ml/min; observation height: 16 mm above load coil
(optimized for Mn).

(b) Controllable heating mantle and acid scrubber.-Lanconco 60301, or
equivalent.

(c) Glassware.-Soak overnight in 10% HNO3; and thoroughly rinse with

H.0.
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D. Procedure

Vigorously shake container of infant formula ensure complete mixing.
Measure 15.0 ml of ready to feed (10.0 ml if concentrated, 1.5 g if powdered)
infant formula into 100 ml Kjeldahl flask. Add 30 ml HNO3-HCIO,4 (2 + 1) to
flask along with 3 or 4 glass boiling beads. Let test portions sit overnight in acid.
Carry 2 reagent blanks through entire procedure along with test portions.

Before starting digestion, have ice bath available for cooling Kjeldahl
flasks. HNOj3 should also be readily available. To start digestion, place each
Kjeldahl flask on heating mantle set at low temperature. Once boiling is initiated,
red-orange fume of NO, will be driven off. Continue gentle heating until HNO3
and H,O have been driven off. At this point effervescent reaction occurs between
organic material and HCIO,. Place flask on cool heating mantle and let digestion
proceed with occasional heating from mantle. It is important that reaction between
organic material and HCIO4 not go too fast, because charring will occur. If
charing occurs, immediately place flask in ice bath to stop digestion. Add 1 ml
HNO; and resume gentle heating.

After reaction of test portion with HCIO, is complete (identified by
cessation of effervescent reaction between organic material and HCIO,) apply
high heat for ca 2 min; do not heat to dryness because this can cause explosion.
Remove flask from heating mantle and let cool.

Transfer each digest to 50 ml volumetric flask and dilute to volume

with H,O. Some precipitation is likely to occur (especially with high salt
content products) after dilution. Precipitate will dissolve if shaken and allowed

to sit overnight. Final acid content of digests is a 20% HCIO,.



145

Elemental determination is accomplished by inductively coupled
plasma (ICP) emission spectroscopy (see Table E.1 For parameters).
Calibration standards may be used as single standards (i.e., one element per
standard) or as mixed standard containing 2 or more elements. Whether single
or mixed standards should be used for calibration will depend on computer

software requirements of particular ICP system in use.

Table E.1 Suggested operating parameters for ICP emission spectroscopy

Element Wavelength, Background Standard, pg/ml
nm correction Low High
Ca 317.9 N 0 200
Cu 324.7 H 0 5
Fe 259.9 N 0 10
K 766.5 N 0 200
Mg 383.2 N 0 5
Mn 257.6 N 0 5
Na 589.0 N 0 200
P 2149 N 0 100
Zn 213.8 H 0 5

2 H = High side; N = no correction.

After calibration is complete, analyze test solutions. Check calibration
of instrument after every 10 tests by analyzing calibration standards. If
reanalysis of calibration standards indicates that instrument has drifted out of

calibration (>3% of original values), recalibrate instrument.
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Computer will calculate concentration for each element of each diluted
test solution as pg/ml. Use following equation to convert this value to pg/ml if
original test portion was ready-to-feed or concentrated formula or pg/g if test
portion was powder.

C = A x (50 ml/B)

where A = concentration (ug/ml) of element as determined by ICP;
B = volume or weight of test portion as ml or g;
C = elemental concentration in
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