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ABSTRACT

Sorghum is a gluten free cereal and forms the staple diet of a majority of the populations
living in the semi-arid tropics dough. It is usually consumed in the form of bread made
from the grain flour. Dough made with sorghum flour has poor viscoelastic properties
compared to wheat dough and mechanical methods for production of sorghum roti are
scarce. This study was conducted to elucidate the rheological and thermal properties of
sorghum dough to establish its behavior. The temperature and amount of water used for
preparation of the dough and the composition of the flour were varied. Wheat, soya and
black gram flours were used to prepare the composite doughs. Sensory characteristics of

roti made with these dough samples by the traditional method and mechanical

compression were studied. The results are presented and their implications are discussed.
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RESUME

Le sorgho est une céréale sans gluten qui forme le régime principal d'une majorité des
populations vivant dans les régions tropiques. Il est habituellement consommé sous
forme de pain préparer de la farine de grain. La péte faite avec de la farine de sorgho a les
propriétés viscoélastiques faibles comparées a la pate de blé et les méthodes mécaniques
pour la production du r6ti de sorgho sont rares. Cette étude a été amenée pour élucider les
propriétés rhéologiques et thermiques de la pite de sorgho pour établir son
comportement. La température et la quantité de l'eau utilisées pour la préparation de la
pate et la composition de la farine ont été variées. Des farines de blé, de soya et de black
gram ont été employées pour préparer les pates composées. Des caractéristiques
sensorielles du rdti faites avec ces échantillons de la pate par la méthode traditionnelle et
la compression mécanique a €té€ étudiée. Les résultats sont présentés et leurs implications

sont discutées.
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Chapter 1

INTRODUCTION

1.1 Background

Sorghum is a major cereal in the semi-arid regions of the world where it is an important
food and feed crop. Sorghum species (Sorghum vulgare and Sorghum bicolor) are
members of the grass family. Sorghum is known by a variety of names: great millet and
guinea corn in West Africa, kafir corn in South Africa, dura in Sudan, mtama in eastern
Africa, jowar in India and kaoliang in China (Purseglove, 1972). In the United States it is

usually referred to as milo or milo-maize.

Sorghum was grown in over 44 million hectares around the world in 2004 and the total
world production was 60 million tons (FAO Statistical database-FAOSTAT) and
considered the fifth most important cereal in the world. Although this production is only
about 11-12% of each of the major cereals such as maize, rice and wheat, the food
potential of sorghum resides in the ability of the plant to grow well in the semi-arid
regions of the world. It is a very hardy crop, which can survive under limiting conditions
of water and alkaline soils. The USA is a major producer of sorghum but the grain is not
consumed as human food except for a very small fraction, but as animal fodder, whilst in

Africa and India the grain is a major food source.

Sorghum forms the staple diet for large populations living in the semi arid tropics of

India and Africa, where nearly all the produce is used directly as human food. Sorghum,



like other cereals, is an excellent source of starch and protein. It is a gluten free cereal
which bears significance in the present day scenario where the occurrence of Celiac
Disease (CD), an immunological response to gluten intolerance is on the rise. Grain
sorghum contains phenolic compounds like flavonoids (Shahidi and Naczk, 1995) which
have been found to inhibit tumour development (Huang and Ferraro, 1992). The starches
and sugars in sorghum are released more slowly than in other cereals (Klopfenstein and

Hoseney, 1995) and hence it could be beneficial to diabetics (Toomey, 1988).

Sorghum is consumed in various forms around the world like baked bread, porridge,
tortillas, couscous, gruel, steam-cooked products, alcoholic and non-alcoholic beverages
etc. The potential food and industrial applications of sorghum have been reported
(Brannan et al., 2001; Obizoba, 1988). It has the potential to be processed into starch,
flour, grits and flakes and used to produce a wide range of industrial products. It can also

be malted and processed into malted foods, beverages and beer.

On account of its nutritional significance, easy adaptability to a wide range of growing
conditions, lesser water requirements, sorghum has the potential to be incorporated in the
diets of human populations around the world, more specifically to those intolerant to

wheat.

In India, most of the sorghum produced is consumed in the form of ‘roti’ which is an
unleavened, flat bread. It has been estimated that nearly 70% of the total sorghum

produced in India is consumed in the form of roti (Murty and Subramanian, 1981). It



forms the staple diet and source of nutrition for the farming communities and agricultural

labourers in India.

The traditional method of preparing sorghum rotis is very laborious and cumbersome and
is usually performed by the womenfolk in villages. Efforts to mechanize the production
process of sorghum rotis have been rare. Sorghum, being a gluten free cereal behaves
quite differently from wheat and has poor rheological properties in terms of its pliability,
extensibility and rollability. Mechanization of the preparation of sorghum would require

elucidation of the properties of sorghum dough which play a role in its behaviour.

The rheological properties of doughs describe how they deform, flow or rupture under
applied stress and could be used as a tool in the selection and specification of appropriate
raw materials. They are of importance in terms of product formulation and optimization,
quality control, machining properties of the dough, scale-up of the process and

automation (Bushuk, 1985; Hamann and Macdonald, 1992).

The thermal properties of dough help in characterizing the behaviour of dough during
mixing and handling. Storage of doughs in frozen state is a common practise followed in

the baking industry.

Sorghum could play a pivotal role in developments towards agricultural improvement in
some of the poorest countries of the world if relevant scientific work is carried out to

produce the yield, quality and knowledge required by locally-based industries. With the



aid of proper processing technology, equipment and methods it would be possible to
enhance the nutritional and aesthetic value of the products, providing sorghum an image

make-over in the more affluent societies.

1.2 Hypothesis

It is hypothesized that the amount and temperature of water added to sorghum flour to
prepare dough plays a role in its properties. Addition of other cereal and legume flours
improves its rheological characteristics as well as enhances its nutritional and aesthetic

value.

1.3 Research Objectives
This thesis aims to evaluate the rheological and thermal properties of sorghum dough in
order to facilitate development of proper handling equipment for sorghum dough for
mechanized production of rotis. It attempts to advance the knowledge of sorghum dough
properties in the following ways:
1) Evaluate the rheological properties of sorghum dough at varying levels of
temperature and quantity of water
2) Analyze the texture profile of dough samples
3) Elucidate the glass transition temperature
4) Study the effect of supplementing sorghum flour with wheat, soya and black gram
flours
5) Compare the organoleptic properties of sorghum roti made by traditional and

mechanical means



1.4 Outline of Thesis

The objectives of this research are stated in Chapter 1. Chapter 2 surveys the literature
concerning the nutritional significance, properties of sorghum dough and means and
methods of elucidating these characters. Chapter 3 outlines the experimental conditions,
materials used, equipment set up performed in this study. Chapter 4 presents and
summarizes the results obtained in this study. Detailed discussions of results are also

included in this chapter. Conclusions (Chapter 5) are given at the end of this thesis.



Chapter 2

LITERATURE REVIEW

Sorghum is an important cereal crop in the semi-arid tropics. It is consumed in various

forms and constitutes the staple diet of a majority of the population living in these parts

of the world. It was grown in over 44million hectares of area around the world and the

total production has been to the tune of 60million tons (FAO Statistical Database-

FAOSTAT). The worldwide production of sorghum in 2004 is provided in Table 2.1.

Table 2.1: World sorghum production in the year 2004

Area Production
Country (million ha) (% total) (million tonnes) (% total)
Argentina 0.47 1.07 2.16 3.59
Australia 0.63 1.41 1.90 3.15
Brazil 0.91 2.04 2.10 3.49
Burkina Faso 1.60 3.60 1.60 2.66
China 0.78 1.76 3.11 5.16
Ethiopia 1.17 2.64 1.40 2.32
India 9.20 20.72 6.50 10.79
Mali 1.00 2.25 0.65 1.08
Mexico 1.91 4.30 6.30 10.46
Niger 2.30 5.18 0.58 0.96
Nigeria 7.10 15.99 8.10 13.45
Sudan 7.08 15.95 5.19 8.61
United States 2.65 5.98 11.73 19.48
World 44.39 100.00 60.23 100.00

Source: FAOSTAT, (2004).



2.1 Sorghum as food

Sorghum is an important cereal crop in Africa and Asia and is consumed in different
forms like tortillas (Bedolla et al., 1983; Choto et al., 1985), porridges (Bello et al., 1990;
Rooney and Pflugfelder, 1986; Vivas et al., 1987), couscous (Anglani, 1998; Galiba et
al., 1987; Purseglove, 1972) and baked goods (Badi and Hoseney, 1976; Perten, 1983).
Anglani (1998) and Purseglove (1972) reviewed the use of sorghum as human food and
has reported the various forms in which sorghum is being consumed. Youssef et al.
(1990) have worked on preparation of extruded products from sorghum. The use of
sorghum in pasta processing has been evaluated (Miche et al., 1977). It is also used in the

brewing industry (Palmer, 1992) and as a raw material for glucose production (Devarajan

and Pandit, 1996).

Sorghum products including expanded snacks, cookies and ethnic foods are gaining
popularity in areas like Japan (Awika and Rooney, 2004). White sorghum products are
used to a small extent in the US to substitute for wheat in products for people allergic to

wheat gluten (Awika and Rooney, 2004).

In India, sorghum has been most commonly consumed in the form of roti, which is an
unleavened, flat bread. It’s been estimated that nearly 70% of the total sorghum produced
in India is consumed in the form of roti (Murty and Subramanian, 1981). It forms the
staple diet and source of nutrition for the farming communities and agricultural labourers

in India. Rotis are also sun-dried and stored for more than a week. The nutritional



composition of sorghum roti has been reported (Pushpamma and Geervani, 1981;

Swaminathan et al., 1976) and is given in Table 2.2.

Table 2.2: Nutrient composition of sorghum roti

Nutrient composition of sorghum roti (per 100g)

Calories 292
Protein (g) 8.0
Fat (g) 1.2
Carbohydrates (g) 61.8
Ash (g) 23
Fibre (g) 2.9
Calcium (mg) 67.8
Iron (mg) 53
Thiamine (mg) 0.17
Riboflavin (mg) 0.16
Niacin (mg) 0.80

Source: Pushpamma and Geervani, (1981)

Viraktamath et al. (1972) evaluated differences in chemical composition, physical
properties and culinary qualities of sorghum varieties and demonstrated that all varieties
studied except K-jowar were suitable for making Bhakri which is a dry pan cake, similar

to roti.

The kneading characteristics, pliability, extensibility and rollability of dough play an
important role in roti making. The lack of gluten leads to supposedly poor extensibility
and viscoelastic properties. Despite the fact that most of the sorghum grown in India is

used for the production of rotis, there is no suitable equipment for mass production of the



same. Existing equipments designed for making a similar product from wheat flour is not

suitable for sorghum flour doughs owing to the difference in their viscoelastic properties.

2.1.1 Traditional method of preparation of sorghum roti

Murty and Subramanian (1981) have reported the traditional method of roti preparation in
which approximately 50 g of sorghum flour is mixed with 50 ml of warm water and
kneaded into smooth dough on a wooden board. It is then rolled into a ball of around 6
cm diameter and flattened in the form of a circular disc which is then further tapped by
the strokes of the hand into a flat, circular shape. The roti size could vary from 12 to 25

cm in diameter and 1.3 to 3.0 mm in thickness.

In some cases sugarcane juice, milk or jaggery water has been used instead of water to
mix the dough (Subramanian et al., 1983). Use of composite flours comprising sorghum
flour and flours from other cereals and pulses like wheat, chickpea, green gram and black
gram is also followed. The flattened dough is then baked over a hot plate at temperatures

around 300-325°C, frequently turning it over to ensure proper cooking on either sides.

2.1.2 Chemical composition and nutrient value of sorghum

Sorghum is a gluten free cereal which bears significance in the present day scenario
where the occurrence of Celiac Disease (CD), an immunological response to gluten
intolerance is on the rise. It is reported that in the United States of America the
prevalence of CD is 1:22 and 1:39 respectively in first and second degree relatives of CD

patients,1:56 in patients having either gastrointestinal symptoms or a disorder associated



with CD, and 1:133 in non-risk individuals (Accomando and Cataldo, 2004). Gujral et al.
(2004) have reported the prevalence of this syndrome to an extent between 1 in 250 and 1
in 300 worldwide. Grain sorghum contains phenolic compounds like flavonoids (Shahidi
and Naczk, 1995) which have been found to inhibit tumor development (Gomez-
Cordoves et al., 2001; Huang and Ferraro, 1992). Awika and Rooney (2004) have
reviewed the diversity of phenolic compounds in sorghum and their nutritional
significance. The starches and sugars in sorghum are released more slowly than in other
cereals (Klopfenstein and Hoseney, 1995) and hence it could be beneficial to diabetics

(Toomey, 1988).

Studies of the mature sorghum grain structure show that the embryo constitutes roughly
10%, the bran layers (pericarp) about 8% and the endosperm more than 80% of the grain.
The relative proportions may vary with genetic background, environment and degree of

maturity. The composition of kernel fractions of sorghum is given in Table 2.3.

The largest part of the kernel, the endosperm, is relatively poor in mineral matter and oil
content; however, it is a major contributor to the kernel's protein (80%), starch (94%) and
B-complex vitamins (50 to 75%). The germ fraction of sorghum is rich in mineral (ash),
protein and lipid content but meager in starch. It contains over 68% of the total mineral
matter, 75% of the oil and 15% protein of the whole kernel. Sorghum germ is also rich in

B-complex vitamins. Sorghum bran is low in ash, protein and rich in fiber

10



Table 2.3: Nutrient content of whole kernel and its fractions®

Kernel % of Protein® Mineral Lipid Starch Niacin Riboflavin Pyridoxin
fraction kernel (%) (%) (%)bg (%) (mg/100g) (mg/100 g) (mg/100g)
weight

Whole kernel 100 123 1.67 3.6 73.8 4.5 0.13 0.47
Endosperm 823 12.3 0.37 0.6 82.5 4.4 0.09 0.40

(80) (20) (13) (94) (76) (50) (76)
Germ 9.8 18.9 104 28.1 134 8.1 0.39 0.72

(15) (69) (76) (20) (17) (28) (16)
Bran 79 6.7 2.0 4.9 34.6 4.4 0.40 0.44

(43) (1) (11 4) (7) (22) 8

* Values in parentheses represent percentage of whole kernel value.

PN x 6.25

Source: Hubbard et al., (1950)

11



(FAO / Information Network on Post-Harvest Operations (INPHO), 1995). Removal of
the outer pericarp proportionally increases the protein and reduces the cellulose, lipid and

mineral content of the residual grain.

2.1.3 Carbohydrate Content

Akin to other cereals, starch is the principal storage form of carbohydrate in sorghum.
With values ranging from 56 to 73%, the average starch content of sorghum is 69.5
percent (FAO / Information Network on Post-Harvest Operations (INPHO), 1995). About
70 to 80% of the sorghum starch is amylopectin and the remaining 20 to 30% is amylose

(Deatherage et al., 1955).

Arabinoxylans (pentosans) in cereals play an important role in the bread-making quality
and have proven to influence the water balance and rheological properties of dough and
starch retrogradation (Izydorczyk and Biliaderis, 1995; Vinkx and Delcour, 1996). They
are complex polysaccharides with arabinose residues branching on a xylan backbone.
Nandini and Salimath (2001a and 2001b) have worked on the carbohydrate composition
and structural features of arabinoxylans of sorghum with good chapatti/roti making
quality. Sorghum has been reported to have almost the same amount of starch as wheat
flour, but with significantly lower a —amylase (40-50%) and amylolytic (10%) activity

when compared to wheat flour (Zhumabekova et al., 1978).

12



2.1.4 Proteins

The second major component of sorghum grains is protein. Both genetic and
environmental factors affect the protein content of sorghum. Fluctuations in the protein
content of the grain are generally accompanied by changes in the amino acid composition
of the protein (Waggle and Deyoe, 1966). The protein content of sorghum is equivalent to
that of wheat and maize (Table 2.4). High fiber content and poor digestibility of nutrients
is a characteristic feature of sorghum grains, which severely influences its consumer

acceptability.

Sorghum cultivars have been proven to have reduced amounts of lysine, threonine and
total sulphur amino acids (Khalil et al., 1984) It is reported that the leucine/isoleucine
ratio was imbalanced in comparison with the FAO/WHO reference protein (FAO/WHO
1973) and baking reduced the tannin levels to zero in the cultivars studied. Breads
fermented for 18h had higher vitamin B12 and pantothenic acid levels but lower P levels
as compared to unfermented breads. There was a slight reduction in amino acid levels in

fermented bread.

The nutrient composition of sorghum is at par with wheat and rice, but the poor protein
quality due to its high leucine and tannin contents Nair, 1980 and hence it would be
beneficial to incorporate other cereal or legume flours to enrich its nutritional quality.
Dhingra et al. (1992) evaluated sorghum varieties based on their amino-acids, tannins and

physico-chemical characteristics in relation to texture of chapaties.
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Table 2.4: Nutrient composition of sorghum (per 100 g edible portion; 12 percent moisture)

Protein Fat Ash Crude Carhohydrate Energy Ca Fe Thiamin Riboeflavin  Niacin

ol ® (® () fibre(g) ® (kcal) (mg) (mg)  (mg) (mg) (mg)
Rice 7.9 27 13 1.0 76.0 362 33 1.8 0.41 0.04 4.3
(brown)

Wheat 11.6 20 1.6 2.0 71.0 348 30 3.5 0.41 0.10 5.1
Maize 9.2 46 12 2.8 73.0 358 26 2.7 0.38 0.20 3.6
Sorghum 10.4 31 1.6 2.0 70.7 329 25 5.4 0.38 0.15 4.3
*Nx6.25

Sources: FAO / Information Network on Post-Harvest Operations (INPHO), (1995); Hulse et al., (1980); United States

Department of Agriculture/Human Nutrition Information Service (USDA/HNIS)., (1984).
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2.1.5 Starch & protein digestibility

Sorghum grain has been reported to have the lowest raw starch digestibility due to
restrictions in accessibility to starch caused by endosperm proteins (Chandrashekar and
Kirleis, 1988; Rooney and Pflugfelder, 1986; Waniska et al., 1990). The digestibility of
the starch, dependent on hydrolysis by pancreatic enzymes, determines the available
energy content of cereal grain. The digestibility of isolated starch of sorghum cultivars

ranged from 33 to 48% as against 53 to 58% for corn starches (Sikabbubba,1989).

The texture of the grain endosperm, the particle size of the flour and starch digestibility
were found to be strongly correlated with each other. The chemical nature of the starch,
particularly the amylose and amylopectin content, is yet another factor that affects its
digestibility. The starch digestibility was reported to be higher in low-amylose, i.e. waxy,
sorghum than in normal sorghum (Hibberd et al., 1982). The presence of tannins in the
grain contributes to the poor digestibility of starch in some varieties of sorghum (Dreher
et al., 1984). Tannins isolated from sorghum grain were shown to inhibit the enzyme X-

amylose, and they also bind to grain starches to varying degrees (Davis and Hoseney,

1979).

The low starch digestibility has also been attributed to a high content of dietary fiber
(Bach Knudsen et al.; 1988a and 1988b). Zhang and Hamaker (1998) have reported lower
starch digestibility in case of cooked sorghum flours than normal maize flour,

irrespective of the endosperm type. Their results indicate that starch digestibility in
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cooked sorghum flour is affected by proteins and that this effect occurs during the

cooking or cooling process.

Eggum et al. (1983), Elkhalifa et al. (1999) and Mitaru and Blair (1984) have reported a
similar reduction in digestibility of sorghum after cooking and it has been estimated that
the digestibility decreases by around 24 to 31% (Hamaker et al., 1987; Mitaru and Blair,
1984). The reduction has been attributed to the formation of disulphide bonds during

cooking which leads to toughening at the surface and interior of protein bodies.

Protease inhibitors such as tannins are known to reduce in vitro digestibility of
endogenous and exogenous proteins in sorghum flours (Navas and Garcia, 2000). It is
suggested that the nutritional quality of sorghum flours in terms of protein content and in
vitro digestibility could be improved by supplementation of the flour with dehydrated
whey. The nutritional value of sorghum could also be improved by supplementing it with
high quality protein sources like soya, groundnut or animal proteins from milk, eggs or

fish (Ahmed et al., 1993; Delucci and Mastrodi, 1994; Sarode et al., 1983).

Both in vitro and in vivo studies have demonstrated wide variability in protein
digestibility of sorghum varieties (Axtell et al., 1981). Values ranging from 49.5 to 70
percent (Nawar et al., 1970) and from 30 to 70 percent (Silano, 1977) have been reported.
These values were lower than that observed for corn protein (78.5 percent). In certain
sorghum varieties the presence of condensed polyphenols or tannins in the grains is

another factor that adversely affects protein digestibility and amino acid availability
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(Bach Knudsen et al., 1988a and 1988b; Whitaker and Tanner, 1989). A decrease in the
protein digestibility of sorghum on cooking was attributed to reduced solubility of

prolamin and its reduced digestibility by pepsin (Hamaker et al., 1986).

Processing of the grain by methods such as steaming, pressure-cooking, flaking, puffing
or micronization of the starch increases the digestibility of sorghum starch. This has been
attributed to a release of starch granules from the protein matrix rendering them more
susceptible to enzymatic digestion (Harbers, 1975; McNeill et al., 1975). The in-vitro
digestibilities of starch and protein in sorghum flours have been shown to be improved by
cooking in the presence of reducing agents like cysteine, sodium metabisulphite or
ascorbic acid (Arbab and El Tinay, 1997; Elkhalifa et al., 1999b; Hamaker et al., 1987;
Rom et al., 1992) as the reducing agents minimize the formation of disulphide bonds.
Yousif and El Tinay (2001) have shown that the in vitro digestibility of sorghum proteins
could be improved by fermentation. Fermentation is also reported to have lead to an

increase in lysine and methionine content (Kazanas and Fields, 1981).

Protein digestibility of sorghum could also be improved by malting the grain (Elkhalil et
al., 2001). Malt pre-treatment also resulted in a reduction in phytic acid content, which is
a significant anti-nutritional factor. Germinated sorghum extract had a very low paste
viscosity while pretreatment of sorghum flour with small amounts of papain or trypsin
enzymes lead to an improvement in the invitro protein digestibility of sorghum without

affecting the paste viscosity (Elkhalifa et al., 1999a). Youssef and Abu-Foul (1998) have
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evaluated the effect of germination of sorghum on its tannin and starch content and the

baking properties of germinated sorghum flour.

2.1.6 Other nutrients

The crude fat content of sorghum is 3 percent; higher than that of wheat and rice but
lower than that of maize. The germ and aleurone layers are the main contributors to the
lipid fraction. The germ provides about 80 percent of the total fat (Rooney and Serna-
Saldivar, 1991). The mineral composition of sorghum grains (Table 2.5) is highly

variable.

Table 2.5: Mineral composition of sorghum (mg %) ?

Grain Number of cultivars P Mg Ca Fe Zn Cu Mn Mo Cr

Sorghum 6 352 171 15 42 25 044 1.15 0.06 0.017

® Expressed on a dry-weight basis.

Source: Sankara Rao and Deosthale, (1980)

In the sorghum kernel the mineral matter is unevenly distributed and is more
concentrated in the germ and the seed-coat (Hubbard et al., 1950). Sorghum, in general,
is a rich source of B-complex vitamins. Detectable amounts of other fat-soluble vitamins,

namely D, E and K, have also been found in sorghum grain. Sorghum as it is generally
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consumed is not a source of vitamin C. Among B-group vitamins, concentrations of
thiamin, riboflavin and niacin in sorghum were comparable to those in maize (Table 4).
Sorghum does not contain vitamin A, although certain yellow endosperm varieties

contain small amounts of B-carotene, a precursor of vitamin A.

Cellulose, the major insoluble fibre component of sorghum was, which varied from 1.19
to 5.23 percent in sorghum varieties (Kamath and Belavady, 1980).Grain sorghum does
contain phenolic compounds other than tannin that affect its sensory and nutritional
quality (Hahn et al., 1984). Brannan et al. (2001) have characterized the flavour
properties of feed grain and food grain, whole and decorticated sorghum samples and

evaluated samples for potential human use.

Soy flour has been incorporated into chapattis made with wheat flour to improve its
nutritional quality (Lindell and Walker, 1984; Rajagopal et al., 1983). Organoleptic
attributes of chapattis made from wheat flour supplemented with different levels of
Bengal gram flour and soy protein concentrate were evaluated by Kaur and Hira (1989).
The sensory and nutritional value of sorghum flakes on supplementation with wheat flour
has been reported (Al-Kahtani, 1989). Keregero and Mtebe (1994) have evaluated the
acceptability of food products including bread and buns made using wheat-sorghum
composite flours. Enhancement of the nutritional profile of sorghum by supplementing it
with flours from other cereals or legumes has been attempted (Mosha and Vicent, 2004).
Khetarpaul et al. (2004) have evaluated the nutritional composition and sensory

characteristics of porridges made with different combinations of soy and sorghum grits.
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2.2 Rheological properties

Rheological studies are one of the most convenient methods for measuring indicators of
quality and texture of food products. The rheological properties of doughs describe how
they deform, flow or rupture under applied stress and could be used as a tool in the
selection and specification of appropriate raw materials. Knowledge of the fundamental
rheological properties of any dough can be an indication of how the dough is going to
behave under various processing conditions. They are of importance in terms of product
formulation and optimization, quality control, machining properties of the dough, scale-

up of the process and automation (Bushuk, 1985; Hamann and Macdonald, 1992).

2.2.1 Dynamic Rheometry

Dynamic rheometry gives information on the flow and elastic properties of materials and
has been widely used to elucidate the rheological characteristics of food materials
including doughs. In a dynamic measurement the sample is usually put between two
round plates or between a cone and a plate. The system is maintained at desired
temperature and a sinusoidal deformation at different frequencies is applied. As a result
we get storage and loss modulus as a function of frequency. Storage modulus, which
represents the energy stored during deformation, is related to the elastic energy of the
sample, while the loss modulus, which represents the energy lost during deformation, is
related to the viscose energy. The measurement of the storage modulus (G”) and the loss
modulus (G”), together with the phase angle (), could provide a good indication of the
stiffness and extensibility of the dough. A high value of G’ and a low G’’ indicates a stiff

dough, while a lower G’ indicates a softer and more extensible dough (Weipert, 1990).
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The loss tangent (G”/G’) represents the samples ability to dissipate energy and provides a
measurement of the ratio of the viscous to elastic response of the material being tested.
The complex modulus (G*) is usually calculated as a function of frequency using these

parameters.

Dynamic rheometry has been successfully used to evaluate the effect of protein content
(Hibberd, 1970a;, Mita and Matsumoto, 1984; Navickis et al., 1982; Smith et al., 1970),
addition of starch granules (Hibberd, 1970b); the effect of moisture content (Berland and
Launay, 1995; Hibberd, 1970a; Masi et al., 1998; Phan-Thien and Safari-Ardi, 1998;
Smith et al., 1970) on wheat flour dough properties as well as the different fractions of
wheat flour (Addo et al., 2001). It has also been used to study the relationship between
the quality of bread and the rheological characteristics of wheat flour dough (Autio et al.,

2001).

The gluten proteins play a principal role in the rheological properties of wheat flour
doughs (Faubian and Hoseney, 1990). The effect of the amount of water present in wheat
flour doughs has been evaluated emipirically (Abdelrahman and Spies, 1986) and it is
proved that both G’ and G’ decrease with an increase in the water content of a dough
(Dreese et al., 1988; Hibberd, 1970a; Hibberd and Parker, 1975; Navickis et al., 1982).
Georgopoulos et al. (2004) have compared the rheological properties of wheat flour
dough and its gluten alone. The effect of water content on the modulii was less significant

in gluten as compared to dough.
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Petrofsky and Hoseney (1995) have measured the range in modulii of dough made with

starch and gluten and demonstrated the starch-gluten or starch-gluten-water interactions

in dough.

The principal of dynamic rheometry has also been applied to a gluten free cereal like rice
as well. Sivaramakrishnan et al. (2004) studied the rheological properties of two varieties

of rice in comparison to wheat dough to assess its suitability for making bread.

Sorghum based composite flours have been evaluated in bread making over the years
(Bhatia and Khetarpaul, 2002; Bugusu et al., 2001; Dendy, 1970; Kim and De Ruiter,
1968; Morad et al., 1984; Ortega-Ramirez et al., 1995; Subramanian et al., 1983). Bread
baked with 0, 5, 10 and 15% wheat-sorghum composite flour showed good volume, good
external and internal characteristics and a high percentage of acceptability (Zaparrart and
Salgado, 1994). However, in all these studies, addition of sorghum flour to wheat flours
at higher levels lead to poor dough rheological properties. Sorghum based composite
flours yielded dough with a tough texture (Pringle et al., 1969; Subramanian et al., 1983)
and breads with lower loaf volume (Hart et al., 1970). The water absorption and
extensibility of wheat dough decreased on addition of sorghum flour and it also resulted

in lesser loaf volume and weight of bread (Hussein et al., 1977).

The addition of wheat flour to sorghum flour improved the dough rheological properties

(Foda et al., 1987; Rao and Rao, 1997). The rheological characteristics and breadmaking

quality of sorghum composite flours can also be improved by the addition of exogenous
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gluten proteins (Carson and Sun, 2000), zein (Bugusu et al., 2001) or cysteine (Elkhalifa

and El Tinay, 2002).

Chandrashekar and Desikachar (1983) analyzed the rolling quality of sorghum dough in
relation to some of its physiochemical properties. They have correlated good rolling
quality with lower gelatinization temperature, higher peak viscosities and set backs as
determined by a Brabender Viscograph. Lower gelatinization temperatures lead to greater
degree of gelatinization resulting in better adhesive doughs which would be easily
rolled. Higher water uptake at 70°C was correlated to starch damage in flour and the
amylose, protein and prolamine content had no relation to the rolling quality, which was
determined subjectively. Equal quantities of flour and boiling water for mixing have been

recommended.

Addition of reducing agents to improve the digestibility of the starch and protein in
sorghum has been discussed earlier. However, an increase in the gelatinization
temperature and peak viscosity of sorghum has been reported due to the effect of

reducing agents (Elkhalifa et al., 1999b).

Dreese et al. (1988a) reported that the storage modulus (G’) of wheat flour-water doughs
increased between 55 and 75°C while the ratio of loss modulus to storage modulus
decreased rapidly and the change was irreversible. The magnitude of the temperature-

dependent change in the rheological characteristics was found to be proportional to the
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starch content in the dough. Addition of pre-gelatinized starch to gluten-starch blends

yielded similar results.

" Torres et al., (1994) have demonstrated an increase in the maximum stress peak, stress
during relaxation period and dough viscosity when sorghum flour was used in 70:30
wheat-sorghum composite dough. Sorghum flour with smaller particle size distribution
had greater water absorption and stress during relaxation. The rheological properties

were evaluated by uniaxial compression tests.

The chemical, sensory and rheological properties of porridges made from blends of
sprouted sorghum, bambara groundnuts and fermented sweet potatoes were examined by

(Nnam, 2001).

2.2.2 Textural properties and texture profile analysis

The rheological properties of dough in relation to its texture measurements could help
understand the behavior of dough during processing. The texture profile analysis (TPA)
has been used for the textural evaluation of a wide range of foods. It was originally
developed for the General Foods Texturometer (Szczesniak, 1963; Szczesniak et al.,
1963). Bourne (1968, 1974 and 1978) has demonstrated a method to evaluate texture
profile parameters from the force-deformation curves obtained by the Instron - Universal
Testing Machine (UTM). The food sample is compressed twice, successively, between
two parallel plates and the force-time curves are plotted. Some of the textural parameters

derived from these curves are defined (Bourne, 1968a) as follows:
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Hardness- the peak force during the first compression cycle.

Cohesiveness- the ratio of the positive force area during the second compression to that
during the first compression.

Adhesiveness- the negative force area for the first compression, representing the work
necessary to pull the compressing plunger away from the sample.

Springiness or elasticity — the height that the food recovers during the time that elapses
between the end of the first compression and the start of the second compression.
Gumminess- the product of hardness and cohesiveness.

Chewiness- the product of gumminess and springiness.

Mechanical and textural properties of foods have been determined from the stress-strain
relationships obtained through uniaxial compression tests (Bagley and Christianson,
1986; Bagley and Christianson, 1987; Casiraghi et al., 1985; Peleg, 1977). The elastic
and viscous properties as functions of time and strain are necessary to characterize dough.
Chatraei et al. (1981) have interpreted the results of the uniaxial compression procedure
in terms of Apparent Biaxial Extensional Viscosity (ABEV) for application in flattening,

sheeting and rolling of doughs.

The influence of the chemical composition, dough functional properties and the effect of
surfactants on the ABEV and texture profile of wheat dough and the quality of parotta (a
kind of flat bread) was evaluated by Indrani and Rao (2000 and 2003). The rheological
characteristics, ABEV, hardness and cohesiveness were reported to have a high

correlation with the overall quality score of parotta.
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Padua and Whitney (1982) derived an expression for the deformation of corn dough
under a constant load between two parallel plates. Diehl (1981) has reviewed rheological
techniques for texture and quality measurement of solid and liquid food products made
from sorghum. Bhattacharya et al. (1999) have evaluated the effect of incorporating
different types of cereal flours on the viscoelastic properties of black gram dough in
relation to the sensory textural attributes by using uniaxial compression method. They
have reported higher resistance to compression when sorghum flour was added to black

gram flour.

Black gram flour when added to wheat flour yielded greater extensibility (Gujral and
Pathak, 2002). They used the Instron Universal Testing Machine to determine the tensile
properties of chapaties prepared from composite flours. Stiffness, breaking strength and
deformation of rectangular strips of chapaties were measured by a tensile test performed
using an Instron by Waniska (1990). Kernels with waxy endosperm had lower strength
and stiffness and a greater deformation to breakage than non-waxy types. The tensile test
was used by Rizley and Suter (1977) to show that sorghum varieties with a corneous

endosperm texture yielded stronger tortillas than those with an intermediate endosperm.

Subramanian et al. (1983) used a back extrusion cell mounted on an Instron to measure
textural characteristics of sorghum dough and reported that the force and energy required
for the extrusion were higher in case of good quality cohesive dough. The influence of

flour-water-soluble components on dough cohesiveness has been discussed.
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Stickiness of a food product depends on both the cohesive forces in the food and the
adhesive forces between the food and with whatever it comes into contact (Sherman,

1969). By pulling two parallel plates apart at a constant rate, a measure of stickiness

could be obtained (Kumar et al., 1976).

Dhingra et al. (1992) have reported that grain hardness had a positive correlation with the
texture and the amylase content with overall acceptability of chapattis made from
sorghum flour. They used the Instron Testing Machine for recording dough hardness. The
peak force to compress dough samples to 75% of original thickness was considered as the
hardness. They have confirmed the role of water soluble components in determining
dough hardness. Subramanian and Jambunathan (1981) had earlier reported a similar
observation. A higher yield of desirable sorghum couscous granules was reported when

flours from hard grain sorghum were used (Aboubacar and Hamaker, 1999).

The textural characteristics of cooked sorghum grain as determined by texture profile
analysis and rapid visco analyzer measurements were reported by Lee et al. (2002). They
concluded that the kemnel size had no consistent effect on the visco analyzer
measurements (peak viscosity, holding strength and final viscosity) while a larger kernel
size yielded a better texture profile in terms of higher values for hardness, less sticky and
more cohesive product. The effect of raw and gelatinized sorghum flours on the structure
and texture of baked com and tortilla chips have been studied (Quintero-Fuentes et al.,

1999) and a significant effect has been reported.
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2.3 Thermo-physical properties

The physico-chemical properties of the starch affect the textural characteristics of the
food preparations made from grain. The behavior of starch in water is temperature and
concentration dependent (Whistler and Paschall, 1967). Grain starches in general show
very little uptake of water at room temperature and their swelling power is also small. At
higher temperatures, water uptake increases and starch granules collapse, which leads to
solubilization of amylose and amylopectin to form a colloidal solution. This is the
gelatinization stage. Heat treatment of starch in a limited amount of water leads to
swelling of the granules with very little loss of soluble material and partial gelatinization

of the starch.

On cooking, the gelatinized starch tends to return from the soluble, dispersed and
amorphous state to an insoluble crystalline state. This phenomenon is known as
retrogradation or setback; it is enhanced with low temperature and high concentration of
starch. Amylose, the linear component of the starch, is more susceptible to retrogradation.
The gelatinization temperature of isolated sorghum starch and that of finely ground flour
of the corresponding endosperm has been reported to be the same. On the other hand the
pasting temperature, i.e. the temperature at which starch attains peak viscosity when
heated with water to form a paste, was found to be about 10°C higher for the sorghum
flour than for the isolated starch (Akingbala and Rooney, 1987). Zhang and Hamaker
(2003) have reported the interactions between sorghum starch, protein and free fatty acids

by analyzing the paste viscosity profile in a Rapid ViscoAnalyzer.
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The starch gelatinization range of sorghum (68-78°C) is higher than that of wheat (58-
64°C) (Akingbala et al., 1988; Hoseney, 1994). This factor along with a low water
holding capacity have been correlated with grittiness, dry mouthfeel and higher firming
ratio of sorghum composite breads (Munck, 1995). Hugo et al. (2000) have evaluated the
effect of malting of sorghum and wet-heat treating the malt in order to reduce the pasting
temperature and increase the water holding capacity of sorghum flour so as to yield softer

bread more resistant to crumbing when used with wheat flour.

Suhendro et al. (2000) have worked on the cooking characteristics of sorghum-flour
noodles and reported better results when the flour water mixture was preheated. They
have also stated that starch gelatinization occurred to a higher degree in finer flours than
coarse flours and yielded better noodles. Steam pre-treatment of the flour has been
suggested to induce faster gelatinization. Some characteristics of sorghum starches are

presented in Table 2.6.

It has been suggested that, as with rice, the cooking characteristics of sorghum maybe
influenced by the relative proportions of amylase and amylopectin present. The quality of

cooked sorghum has been strongly associated with the total and soluble amylose content
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Table 2.6: Characteristics of isolated starches of sorghum

Grain Amylose Gelatinization Water- Swelling Solubility

(%) temperature (°C) Binding at 90°C  at 90°C

Viscosity

(amylograph -- Brabender units)

capacity (%) (%)
(%)

Imitial Final At After Cooled to After
93°- | holding 35°or holding
95°C | at95°C 50°C at 35°C

or 50°C
Sorghum 24.0 68.5 75.0 105 22 22 600 400 580 520
Sorghum 1.0 67.5 74.0 - 49 19 380 290 390 350

(waxy)

Source:FAO / Information Network on Post-Harvest Operations (INPHO), (1995)
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of the grain and also the soluble protein content (Cagampang and Kirleis, 1984). The
availability of gelatinized starch and the amount of amylopectin and amylase affect the
functionality of dough used for baked snacks. Increasing the free amylopectin content has
been shown to yield softer, cohesive dough and provides film formation, sheet

extensibility and better puffing when heated (Addesso et al., 1995).

The swelling power of starch and its solubility significantly influenced the cooking
quality of sorghum (Subramanian and Jambunathan, 1982). The percentage weight
increase of cooked grain was negatively correlated with starch solubility at 60°C, a
temperature at which most of the starch granules will have reached gelatinization stage.
The swelling power of starch at 60° and 90°C and solubility at 25° and 50°C were
inversely correlated with gruel solid content, which directly depended on the starch
content of the grain. The starch gelatinization temperature did not show any significant

effect on the cooking quality of sorghum.

Plasticity of sorghum flour dough mostly arises from the gelatinization of starch when the
dough is prepared in hot or boiling water. The stickiness of the cooked flour is a function
of the starch gelatinization. Porridge prepared from hard endosperm of sorghum is less
sticky than that prepared from grains with a larger proportion of floury endosperm

(Cagampang et al., 1982).
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Dough prepared with cold water has poor adhesiveness and is difficult to roll thin. Thus
heat modification of the starch when the dough is prepared with hot water determines its
rolling properties (Desikachar and Chandrashekhar, 1981). Higher water uptake, low
gelatinization temperature, high peak paste viscosity and high setback are the starch
properties that have been shown to be associated with good quality of roti, the
unleavened bread that is the most common form in which sorghum is consumed on the
Indian subcontinent. Almeida-dominguez et al. (1991) found that low-amylose or waxy
sorghum produced sticky dough (masa) and was not suitable for preparation of tortillas.
Desikachar and Chandrashekhar (1981) have stressed on the importance of hydration
capacity of the grain as a factor that affects the cooking quality and sensory attributes of

sorghum products.

2.3.1 Differential Scanning Calorimetry

The differential scanning calorimeter (DSC) has been used as an effective tool in
determining the thermal properties of a wide range of food products. A quantitative
measure of phenomena like gelatinization and glass transition is provided based on the
heat flow associated with order-disorder transitions (Stevens and Elton, 1971). Abundant
research has been done on the use of the DSC for measuring thermal characteristics of

dough and flour samples.

The physical states of most foods are often related to the phase and state transitions

occurring in them during preparation, processing and storage. Glass transition has been

proved to be an important factor in the stability of foods (Elizalde and Pilosof, 1999;
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Lemeste et al., 1992; Slade and Levine, 1995). The glass transition phenomenon has a
significant effect on texture, stability, flavor release and other quality attributes of foods
(Noel et al., 1990). It is a second-order time-temperature-moisture dependant phase
transition and is generally characterized by a discontinuity in physical, mechanical,
electrical, thermal and other properties of a material. Food materials are in an amorphous,
rubbery state below the glass transition temperature and considered very stable at the
glassy state. At this temperature there is an endothermic shift in the DSC curve

corresponding to the increase in specific heat.

Several authors have studied the properties and phase transitions in frozen wheat dough
(Laaksonen and Roos, 2000, 2001 and 2003; Rasanen et al., 1998). Doescher et al. (1987)
have studied cookie dough setting during baking as related to the change in glass

transition temperatures.

The influences of glassy and rubbery states, and of plasticization by water, on the
thermal, mechanical, rheological, structural and textural properties of doughs and baked
products has been studied by the food polymer science approach (Slade and Levine,
1995). The glass transition behaviour of starch and wheat glutens is well documented
(Slade and Levine, 1995). The glass transition temperature of wheat gluten proteins have

been reported by Noel et al. (1990).

Micard et al. (2001) studied the thermal properties (glass transition temperature and

change in heat capacity) of raw and processed wheat gluten as a function of water
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content. Slade and Levine (1995) have reviewed the dependence of glass transition on the
composition and chemical structure of wheat flour in relation to cookie baking.
Theoretically, the plasticizing effect of water on Tg has been described by the Gordon-
Taylor, Couchman-Karasz or Kwei equations (Couchman and Karasz, 1978; Gordon and

Taylor, 1952; Kwei, 1984).

Akingbala et al. (1988) elucidated the gelatinization temperature of starches isolated from
24 non waxy varieties of sorghum using a Differential Scanning Calorimeter and have
reported the onset, peak and end gelatinization temperatures to be 71.0 + 1.0, 75.6 + 0.9
and 81.1 +1.1°C respectively and the gelatinization energies to be in the range of 2.51 to
3.96 cal/g. They found no significant relationship between the thermal properties and
grain characteristics like endosperm texture and type, pericarp thickness and color, kernel
mass and grain density. No significant relationship between the thermal properties of
sorghum and physicochemical properties of their starches was reported (Akingbala et al.,

1988; Akingbala and Rooney, 1987).

Zhang and Hamaker (1998a) evaluated the low alpha amylase starch digestibility of
cooked sorghum flours using a DSC. Thermal transition temperatures of sorghum wax

during storage was measured by differential scanning calorimetry (Hwang et al., 2004).

The literature cited emphasises the consequence of the rheological and thermal properties
of cereal doughs with respect to their bread making characteristics. The importance of

sorghum in terms of its nutritional significance and agronomic advantages especially with
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reference to developing countries in the semi-arid tropics is immense. An effort to
evaluate the properties of sorghum dough in relation to roti making would therefore be
beneficial. The supplementation of cereal or legume flours could lead to an improvement

in its nutritional worth leading to value addition to the product.
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Chapter 3

EXPERIMENTAL METHODS AND MATERIALS

3.1 General description

The rheological and thermal properties of sorghum dough made with different levels of
water, composite flour and temperature of mixing water were evaluated in this study. The
rheological and textural characteristics of storage modulus, loss modulus, Apparent
Biaxial Extensional Viscosity (ABEV), cohesiveness, hardness, adhesiveness etc were
measured by dynamic rheometry and an Instron Universal Testing Machine (UTM). The
glass transition behaviour of the dough samples were studied with a DSC. A comparison
of sorghum rotis made by traditional means and by compressing with the Instron was

made by sensory evaluation.

Sorghum flour (12% moisture content, wet basis, variety M-54) was procured from the
University of Agricultural Sciences, Dharwad, India. Wheat gluten (80% protein, 9%
moisture, wet basis) was supplied by Sigma Aldrich, St. Louis, USA. and whole wheat
flour, soya flour and blackgram flour (14% moisture content, wet basis) were obtained

from a local store.

3.2 Rheological properties
3.2.1 Preparation of dough
Dough samples were made by mixing 50 g of sorghum flour with different proportions of

water (35, 40, 45 and 50 ml). The temperature effect was checked by using water at 22
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and 100°C. The dough samples were thoroughly mixed and kneaded. Composite flours
made by using 75% (of total flour mass) of sorghum flour and 25% of wheat, soya or

black gram flours were also used for the study.

3.2.2 Instron — Universal Testing Machine measurements

Dough was sheeted by compressing a ball of dough between two parallel plates made of
acrylic separated by spacers to yield a sheet of 1.0 cm thickness. Circular discs of 4.0 cm
diameter were cut using a cutter. Each disc was equilibrated to 25°C in a covered petri

dish for a period of 30 min.

The Instron- Universal Testing Machine (M 4502, Instron Corp., Canton, MA) was used
to perform the texture profile analysis and measure the apparent biaxial extensional
viscosity (ABEV) of the prepared dough samples. The textural properties of hardness,
cohesiveness and gumminess were measured using the method of Peleg (1976) and
Bourne (1978) under the following conditions —

Plunger diameter - 8.5cm

Load cell - 500 N

Crosshead speed - 50mm.min™

Compression level - 60%.
This method has been successfully used by researchers to determine the rheological

properties of a parotta, a flat, baked bread made from wheat (Indrani and Rao, 2000 and

2003). The textural parameters studied were defined as follows:
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Hardness- the peak force (F) measured during the first compression cycle
Cohesiveness- Ay/A; the ratio of the positive force area (A;) during the second
compression to that during the first compression (A;)

Gumminess- the product of hardness and cohesiveness.

The uniaxial compression method of Bagley and Christianson (1986) was used to
measure the ABEV. The following conditions were used —

Plunger diameter - 8.5cm

Load cell - 500 N

Crosshead speed - 50mm.min”

Compression level - 50%

Relaxation time — 60s.

The sample-geometry interface was lubricated with a thin layer of vegetable oil to
minimise the frictional losses at the interface during compression (Casiraghi et al., 1985).

Sprinkling a very thin layer of flour on the interface was found to be beneficial.

ABEYV of the dough was computed as,

ABEV = (Fh) / (1r R’ ho €7), --- (D)
where,

F: is the peak force in N

h: is the final height in m

R,: is the initial radius in m
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h,: is the initial height in m

e; = [ dh/dt] [1/(2h)] in s™ is the biaxial extensional rate

dh/dt is the crosshead speed in m.s™ and

ABEV: is the Apparent Biaxial Extensional Viscosity in Pa.s.

All measurements were conducted at 25°C and in triplicate.

3.2.3 Dynamic rheological measurements

An AR2000 Dynamic Rheometer (TA Instruments, Texas, USA) was used for
rheological measurements. Oscillatory tests were conducted using the 40 mm parallel
plate geometry. The instrument gap was set at 2 mm. Dough samples were loaded
between the parallel plates and the edges were trimmed with a knife. A solvent trap was
used to prevent dehydration. The samples were rested between the plates for 5 min to

attain equilibrium.

The samples were initially tested for the linear range of shear stress. Subsequent
oscillatory tests were done at a constant oscillatory stress value of 6 Pa and to a frequency
range of 0.1 and 100 Hz which corresponds to the linear range of shear stress. All
measurements were conducted at 25°C and in triplicate. The results were analyzed on the

TA Rheology Advantage data analysis software.
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3.3 Differential Scanning Calorimetry

3.3.1 Preparation of dough

About 50‘ g of sorghum flour was mixed with different proportions of boiling water (45,
50, 55 and 60 mL). Once the optimum water requirement was established, then the

temperature effect was checked (two temperature levels: 22 and 100°C).

The dough samples supplemented with gluten at the rates of 5 and 10% (of total mass)
and wheat flour at the rates of 10, 20 and 30% (of total mass) were also analyzed. The

dough samples were mixed thoroughly and kneaded.

3.3.2 DSC measurements

A TA Instruments Q-100 DSC (TA Instruments, Texas, USA) was used to determine the
phase transition in the samples. The Refrigerated Cooling System (RCS) was used for
this instrument. The instrument was calibrated using sapphire and indium. Nitrogen at the

rate of SOmL.min"" was used as the purge gas.

Around 10 mg of sample was taken in hermetically sealed aluminium pans for analysis.
An empty pan was taken as reference. Samples were heated between -80 t0120°C. The
ramp rate employed was 10°C per minute. The samples were studied in triplicate. Results
were analyzed and the glass transition temperature determined using the Universal

Analysis software from TA Instruments.
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3.4 Sensory evaluation of rotis
Sensory evaluation of rotis made by the traditional method and rotis prepared by
unilateral compression in an Instron Universal Testing Machine was carried out by an

expert panel consisting of 11 members to evaluate the organoleptic properties.

3.4.1 Determination of optimum water level for dough preparation

Ten grams of sorghum flour was taken in a beaker and water was added from a pipette
drop wise, with consistent mixing of the dough mixture until a dough of desired
consistency was reached. A similar procedure was followed for complex flour doughs
constituting 75% sorghum flour and 25% of wheat, soya or black gram flours. A 1:1 ratio
of water and flour was shown to be the ideal proportion in terms of consistency, kneading

characteristics and texture as evaluated by observation.

3.4.2 Preparation of rotis

Dough samples for roti preparation were prepared by mixing a 1:1 ratio of flour and
water and kneading thoroughly. Fifty grams of dough was rolled into a ball and then
tapped with fingers to form a circular disc 20 cm in diameter and 2 mm thick. It was then

baked on a Teflon hot plate by turning over frequently until it was cooked well. The

baking temperature was around 350°C.
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The Instron was used to prepare rotis by mechanical means. Fifty grams of dough was
compressed to a thickness of 2 mm using a 500 N load cell between two circular parallel

plates around 23 c¢m in diameter. The peak force required for every sample was recorded.

3.4.3 Sensory evaluation

The rotis were scored for the following characteristics: appearance, color, taste, flavour,
pliability, texture and mouthfeel. A nine point hedonic scale was used with a score of 1
representing ‘dislike extremely’ and a score of 9 representing ‘like extremely’. Samples

were given to the panelists in a random order.

3.5 Statistical methods

Statistical analysis of the data was carried out using the General Linear Model (GLM)
procedure in SAS (SAS Institute, Cary, North Carolina) and the means were separated by
the Duncan’s multiple range test. In all statistical tests the difference between variables

was considered to be significant at a 95% confidence level (p<0.05). The samples were

evaluated in triplicates.
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Chapter 4

RESULTS AND DISCUSSION

4.1 Texture Profile Analysis

The apparent biaxial extensional viscosity (ABEV) of the doughs, as defined in equation
1, decreased with increase in water level, indicating that a ratio closer to 1:1 for amount
of flour and water used for mixing, yielded doughs with better extensibility. The sorghum
flour doughs had lesser ABEV values when boiling water was used for dough mixing.
This could be explained by the gelatinization of the starch which improves the adhesivity
of dough rendering them more suitable for rolling/flattening. Chandrashekar and
Desikachar (1983) have reported similar results. The effect of water level and

temperature of mixing water on ABEV and hardness is shown in Figure 4.1.

Dough samples made with composite flours had significantly smaller ABEV values only
at lower water levels. At higher cold water levels the difference between the samples was
minimal. Addition of boiling water had a contrary effect on composite flours as compared
to sorghum flour doughs. The ABEV values were significantly higher for composite flour
doughs when boiling water was used. Sorghum-soya composite flour doughs made with
boiling water had the highest ABEV values, while, plain sorghum flour dough made with
boiling water had the least ABEV values among all the combinations. This could be

explained by the higher protein content in case of composite flours.
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Figure 4.1: (a) ABEV, Pa.s and (b) Hardness, N, of dough samples made at different
water levels.

Flour types used to make dough samples - S: Sorghum (100%), SW: Sorghum (75%) + wheat (25%), SS:
Sorghum (75%) + Soya (25%). Numbers 1,2,3,4 on X-axis refer to 35, 40, 45 and 50m! respectively, of
water used for mixing 50g of flour. “h” represents the use of water at 100°C for dough mixing, the rest refer

to water at 22°C.
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Similar trends were observed in hardness values of dough samples. The hardness of
dough samples generally decreased with increase in water. Boiling water reduced the
hardness of sorghum flour doughs significantly compared to doughs made with cold
water; while, it had the opposite effect in case of composite flour doughs. The
cohesiveness of dough samples generally increased with water level (Figure 4.2). Plain
sorghum flour dough seemed to have lowest value for a water level of 40 ml per 50 g of

dough.

Boiling water seemed to improve the cohesiveness of sorghum flour dough which could
be due to starch gelatinization and the difference was more significant at higher water
levels. The increase in this attribute implies the improvement in elastic nature of the
dough and better extensibility. The cohesiveness of sorghum-soya composite flour dough

made with boiling water, reduced with increase in water level.

Gumminess values of sorghum flour dough increased with water level. Boiling water lead
to higher values, but, at higher water levels, it tends to decrease. The interactions were
more complex for this attribute. Sorghum-wheat composite flour dough showed reduction
in gumminess with increase in water level as well as temperature. Sorghum-soya
composite flour dough had higher gumminess at low water level and boiling water

combination, but at higher water levels, the gumminess reduced significantly.

The rheological properties measured by the Instron are summarized in Table 4.1.
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Figure 4.2: (a) Cohesiveness and (b) Gumminess of dough samples made at different

water levels.,

Flour types used to make dough samples - S: Sorghum (100%), SW: Sorghum (75%) + wheat (25%), SS:
Sorghum (75%) + Soya (25%). Numbers 1,2,3,4 on X-axis refer to 35, 40, 45 and 50ml respectively, of
water used for mixing 50g of flour. “h” represents the use of water at 100°C for dough mixing, the rest

refer to water at 22°C.
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Table 4.1: Rheological properties of dough samples measured by the Instron.

Characteristics
ABEV*107,
Hardness, N Cohesiveness Gumminess
Pa.s
Flour 22°c  100°Cc 22°C 100°C 22°C 100°C 22°C 100°C
type
S1 652b  47.0c  224c 187d  0.167k 0.092hij  3.68; 17.1hi
S2 39.7d  233g  138f 105i  0.053jk 0.288d 7.30j 29.9bc
S3 19.5gh  12.4i 115hi  64.3kl  0.133fgh  0.499b 15.3i 31.9b
S4 12.3i 5.89j 125fgh  30n 0.254de  0.670a 31.5bc 20.1gh
SWi1 51.9¢ 62.3b 202d 244b 0.136fgh 0.023k 27.3cde 5.66j
SW2 333ef 402d  127fgh  135f  0.168f 0.026k 21.4fgh  3.50
SW3 233g  28.8f  78jk 111hi  0.223e 0.049jk 17.4hi 5.44j
SW4 14.6hi 209g S5llm  76.7jkk 0.297d 0.074ij 15.0i 5.58
SS1 36.3de 81.3a  139f 283a  0.100ghi  0.129fgh  13.8i 36.5a
SS2 36.2de  50.8c  17le 193t 0.147fg 0.119ghi  25.0def  23.lefg
SS3 23.6g 354de  117ghi  134fg  0.239% 0.107ghi 27.9bcd 14.3i
SS4 9.56ij 22.1g  40mn  86j 0.352¢ 0.094hij  13.9i 8.04j

Flour types used to make dough samples - S: Sorghum (100%), SW: Sorghum (75%) + wheat (25%), SS:

Sorghum (75%) + Soya (25%). Numbers 1,2,3,4 refers to 35, 40, 45 and SOml respectively, of water used

for mixing 50g of flour. Means in adjacent columns under every parameter followed by a different letter

differ significantly (p<0.05).
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4.2 Dynamic rheological measurements

The dynamic moduli of the dough samples increased with the frequency, which refers to
a more viscous behavior of the samples. The trends were fairly linear for the sorghum
flour dough samples for the frequency range studied, while sorghum-wheat composite
flour dough samples showed some variability at higher values of frequency. The higher
dynamic moduli at higher frequencies imply more bonds involved in the mechanical

response of the system due to a stress or strain applied over a shorter time.

The G’ values were more than the G (loss modulus) values in all cases (Figures 4.3 &
4.4), as expected for highly structured materials, which implies that the doughs were
more elastic than viscous. The slope of the frequency curve is relatively flat,
characteristic of the viscoelastic behavior in the rubbery plateau region (Graessley, 1984).
A typical variation in moduli with frequency for the dough combinations at a mixing ratio
of 1:1 is shown in Figure 4.4. The Tan & values for all samples were less than one,

indicating a more elastic than viscous characteristic.

The softening effect of water on sorghum flour dough was obvious by the decrease in G’
(storage modulus) values with increase in water levels (Figure 4.3). The trends were
similar to earlier reports (Berland and Launay, 1995). The G’ values of the composite

flour doughs increased with water content contrary to the behavior of sorghum flour

dough (Figures 4.7 & 4.6).
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Figure 4.4: Comparison of G’ and G” values for doughs made with a 1:1 flour-water ratio

e Flour types used to make dough samples - S: Sorghum (100%), SW: Sorghum (75%) + wheat (25%), SS: Sorghum (75%) +
Soya (25%).

e “h” represents the use of water at 100°C for dough mixing, the rest refer to water at 22°C
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It is a known fact that the rheological properties of doughs are largely governed by the
contribution of starch, protein and water. The viscoelastic behavior of doughs is shaped
by the capability of starch and proteins to form a continuous network. Addition of wheat
or soya alters the composition of the starches and proteins in the dough samples as
compared to sorghum flour doughs. Supplementation with wheat or soya flours leads to a
higher protein content and lesser carbohydrate content than pure sorghum flour dough.
Figure 4.7 compares the complex modulus (G*) of the dough samples and it is seen that
the G* values are higher for dough samples made with composite flours which could be
explained by the increasing starch-protein interactions when a higher protein content
cereal flour like wheat and soya flours are added. Earlier workers have reported similar
behavior when comparing flours with different protein content (Amemiya and Menjivar,
1992). The starch granules in the dough samples act as fillers, reinforcing the gluten to
produce strong bonds yielding a higher modulus. The values were highest for sorghum-
wheat composite flours, while sorghum-soya flours had values in between the standard

and sorghum-wheat flours.
Doughs made with boiling water generally had higher G’ values compared to those made
with cold water which could be due to the gelatinization of starch. The water uptake by

starch molecules tends to reduce the plasticizing effect of water.

Composite flour doughs when made with boiling water had lower values for the moduli

compared to those made with cold water (Figures 4.5 & 4.6). This behavior is contrary to
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Figure 4.7: Comparison of complex viscosity (G*) values for doughs made at a 1:1 flour-water ratio
o Flour types used to make dough samples - S: Sorghum (100%), SW: Sorghum (75%) + wheat (25%), SS: Sorghum (75%) +
Soya (25%).
e “h” represents the use of water at 100°C for dough mixing, the rest refer to water at 22°C
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that of the standard sorghum flour dough and could be explained by the lesser starch
content in the doughs when compared to pure sorghum flour doughs. These results are in

agreement with those generated by the Instron measurements.

From the results it could be generalized that, for the range of water levels selected, 1:1
ratio of flour and mixing water, gave better results in terms of viscoelastic properties.
Addition of wheat or soya flours has an improving effect as well. Similar results have
been reported by Cheong and Sun (1997). But, their behavior is significant at lower water
levels. The poor viscoelastic properties of sorghum dough are in agreement with earlier

reports (Bhattacharya et al., 1999).

Addition of boiling water had contrary effects on most properties of plain sorgum flour
and composite flour doughs. While, the gelatinization of starch in case of plain sorghum
flour doughs did improve the characteristics, similar results were not to be found when
composite flours were used. The differences in the behavior of the composite flours could
be due to the nature of proteins and starch in wheat and soya flours. Further investigation

on this aspect will be able to explain their interaction with sorghum flour.

4.3 Glass transition temperature

The DSC results showed a transition in the thermograms for the dough samples in the
temperature range of -23 to -27°C. Levine and Slade (1990) have reported glass transition
in dough systems to occur between -10 to -30°C and the results seem to be in agreement

with this. The average of the midpoint of inflection for the three replicates has been

55



reported in Tables 4.2 and 4.3. There was only a small change in the heat capacity of the
systems across the transition. However, the transition was slightly steeper when faster

cooling rates were used. The glass transition was immediately followed by melting

(Figure 4.8).

Water has a plasticizing effect on the glass transition behavior in polymeric systems
(Slade and Levine, 1995). There is a depression in the glass transition temperature with
increasing volumes of water in the dough (Figure 4.9). Increased amounts of water lead
to greater mobility of the molecules. The relationship between Tg and water-flour ratio

was fairly linear according to the data.

Table 4.2: Glass transition temperatures of sorghum dough at different levels of water

Water (mL) per 50g flour Glass transition temperature, Tg (° ()]
45 -23.68 + 0.05
50 -23.80 £ 0.08
55 -25.45 +0.09
60 -26.94 + 0.02
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Figure 4.9: Typical DSC thermogram of sorghum flour dough made with different water levels
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Table 4.3: Glass transition temperatures of sorghum dough samples supplemented with

wheat flour and gluten

With wheat flour (%) With gluten (%)
Water temperature
o) 10 20 30 5 10
100 -2531+ -24.27 + -24.11 + -25.34 + -24.51 +
0.56 0.03 0.03 0.26 0.04
22 -24.08 + -24.51 + -25.22 + -25.46 + -25.06 +
0.39 0.12 0.49 0.24 0.34

The Tg is observed to be higher when boiling water was used for dough making as

compared to water at ambient temperature (Figure 4.10). Also, there appeared to be a

distinct difference in the viscoelastic characteristics of the doughs. This might be

explained by the gelatinization of the starch molecules taking place. Akingbala and

Rooney (1987) have reported that the apparent gelatinization temperature of sorghum

flours was 10°C greater than that observed for sorghum starch. From the DSC

thermograms, a small transition around the temperature range of 70 to 80°C is observed

which correlates well with their study.
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Figure 4.10: Typical DSC thermogram of sorghum flour dough made with water at different temperatures
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Laaksonen and Roos (2001) have reported gluten to have a significant role in the glass
transition behavior of frozen wheat doughs. Addition of gluten also had a positive effect
on the viscoelastic properties of the dough, rendering it more pliable and rollable. Carson
and Sun (2000) have reported on the importance of exogenous gluten proteins in doughs
made from sorghum composite flour. The Tg values of dough supplemented with gluten
were lower than plain sorghum flour dough (Figure 4.11). This can be explained by the
fact that Tg values of gluten are lower than that of starch. Gluten forms a network in the
presence of moisture and acts as a water-binding agent and less water is available for the
starch system in doughs (Hoseney, 1984). A similar trend was observed in case of
addition of wheat flour to the dough as well (Figure 4.12). The gluten and protein content

of wheat play an active role interacting with the water present and lower the Tg.

4.4 Sensory evaluation

Comparison of the sensory score of rotis made by conventional method of hand tapping
and compression by the Instron did not show any significant difference between the two

methods. The scores are reported in Table 4.4.

Rotis made using composite flour doughs had a similar sensory value as those made by
pure sorghum flour alone. The acceptability of the roti samples was good. Supplementing
sorghum flour with wheat flour yielded a marginally better roti in terms of appearance,

color, pliability and texture. It could be safely summarized that composite flours do not
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Figure 4.11: Typical DSC thermogram of sorghum flour dough supplemented with varying levels of gluten
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Figure 4.12: Typical DSC thermogram of sorghum-wheat flour composite doughs
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have a negative effect on the sensory qualities of sorghum roti and using mechanical

means to make roti could give similar results as the traditional method of roti preparation.

Table 4.4: Sensory evaluation score for roti samples made using Instron and

conventional method.

Attribute S Se SW Sw. SS SS. SB SB.

Appearance 6 6 7 7 6 6 6 7

Color 6 6 7 7 7 6 6 7
Taste 6 5 6 6 5 5 6 6
Flavor 6 5 6 6 5 4 5 6
Pliability 6 6 7 7 6 6 6 6
Texture 6 5 7 7 6 6 6 6

Mouthfeel 6 5 6 6 6 6 6 5

Abbreviations S, SW, SS and SB refer to rotis made from sorghum, sorghum-wheat, sorghum-soya and
sorghum-blackgram composite flours respectively. Subscript “c” indicates samples prepared by

conventional method.

The Instron peak force measurements for compressing the dough samples to a flat

circular shape for roti making is given in Table 4.5.
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Table 4.5: Force measurements from the Instron during compression of dough samples

Sample Force, kN Std. Dev.
Sorghum 1.064 0.006
Sorghum -wheat 0.433 0.062
Sorghum - soya 1.304 0.049
Sorghum — black gram  0.974 0.031

Dough samples made with sorghum flour recorded the highest force values, which is in
agreement with its texture profile analysis and rheological data. Sorghum-wheat
composite flours yielded doughs which needed the least force. Although the process of
preparing rotis by the traditional method is more intricate and delicate than unilateral
compression, these measurements do give an idea of the force required for a machine to

achieve the same thickness as achieved by manual methods.
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Chapter 5

CONCLUSIONS

The rheological properties of sorghum dough are better at near 1:1 ratio of flour to
mixing water. Starch gelatinization due to addition of boiling water for dough mixing
improves the viscoelastic properties of sorghum dough. Composite flour doughs, made
by adding wheat or soya flours to sorghum flour gave better results and their performance

is significantly better when cold water is used for dough mixing.

The glass transition temperature of the sorghum flour and composite flour dough samples
lie in the temperature range of -23 to -27°C. Water has a plasticizing effect on both
thermal and rheological properties of the dough samples studied. The difference between
interaction of starch-gluten in composite flour and the starch interaction in pure sorghum
flour might be a major factor in determining the rheological and thermal properties of

sorghum doughs.

Composite flours and mechanical compression of dough for roti preparation yielded rotis
with good sensory values, resembling those made with pure sorghum flour and the

traditional method of preparation.

In summary,
1. The rheological properties of sorghum dough vary with the water content and

using boiling water for mixing the dough yields better results.
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2. The textural properties of sorghum flour dough have been established.

3. The glass transition temperature of sorghum dough ranges between -23 and -79°C.

4. Addition of wheat, soya or black gram flours to sorghum flour yields better results
in terms of its viscoelastic properties and bears no negative effect on its sensory
characteristics.

5. Mechanical methods could be favourably employed to prepare sorghum rotis

without any significant ill effect.

It would be beneficial to further study the biochemical interaction between the starches
and proteins of the cereal flours upon mixing in relation to its effect on the properties of
dough samples. Successive correlation between its biochemical properties and
rheological properties could be used to design suitable equipment for roti making. Value
addition and efficient means of production could lead to a great turn around in the
fortunes of this grain and help remove the tag of a “poor man’s cereal” attached to it and

present it to the world as a healthy, wholesome grain.
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