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ABSTRACT
EXTRUSION COOKING TO PRODUCE NUTRITIONAL BEAN PRODUCTS
By

George Nyombaire

A laboratory co-rotating twin-screw extruder was used to study the effect of
extrusion conditions on physical, chemical, and sensory characteristics of
extruded light red kidney beans. Raw bean flour was extruded at 25% and 36%
moisture content wet basis; screw speed of 118, 194, and 253 r.p.m; bean flour
feed rate of 80 and 120g/min and extrusion barrel temperatures were 105/120°C
and 115/130°C ; and die orifice was 7.00mm. Only feed rate significantly
(p=0.003) influenced average expansion ratio with 1.22 and 1.30 for 80 g/min
and 120 g/min respectively. Increasing moisture content from 25% to 36%
significantly increased average bulk density from 38.86 to 39.89 g/cm?3
respectively (p=0.05). Water solubility index was significantly affected by feed
rate (p=0.0001), screw speed (p=0.0001), and moisture content (p=0.002). The
initial viscosity of extruded bean samples was much higher than that of raw bean
samples which indicates that starch was gelatinized during extrusion cooking.
Peak viscosity, hot-paste viscosity and cold paste viscosity in extruded bean
samples were much lower than those in raw bean samples. Phytohemagglutinin
activity reduction of extruded beans was over 90%. A comparison of thermal
extrusion versus traditional cooking using charcoal demonstrated a 43 % cost

reduction using extrusion.
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CHAPTER 1: INTRODUCTION
Dry beans (Phaseolus vulgaris L.) can be an extremely beneficial component of
all diets because they are high in complex carbohydrates, protein and dietary
fiber, and low in fat, calories and sodium, and are cholesterol free. In the
developed world where cholesterol is a major health problem, dry beans are
considered as the major source of dietary fiber (USDA, 2006). Beans are one of
the best sources of dietary fiber, containing both soluble and insoluble fiber.
Insoluble fiber, generally thought as “roughage” that moves quickly through the
digestive system, is very important because it helps promote digestion and can
reduce the risk of colon cancer (Willet, 1995). Soluble fiber helps lower blood
cholesterol levels, one of the main risk factors for the development of
cardiovascular disease in developed countries such as the United States of

America.

In developing world, dry beans are an important source of protein and calories for
middle and low income families (Bliss, 1990) because animal protein is very
expensive. In a country like Rwanda, animal protein is very limited and very
expensive, and common beans provide up to 60% of protein needs and 25% of
calories in the diet (MINIPLAN, 1988). The most common method of cooking
beans in much of Africa and Rwanda is an open wood fire built on the ground
(Poulsen, 1980). An open wood fire is not fuel efficient because the rate of
burning cannot be controlled and much of the heat is dissipated into the

surrounding atmosphere. Large quantities of wood and charcoal used to cook the



beans 34 hrs leads to deforestation and erosion, as well as air pollution from the
burning of wood. Dry beans require a long time of cooking to render the grains
palatable, and to inactivate antinutritional factors such as phytohemagglutinins
(lectins), protease inhibitors and amylase inhibitors. These antinutrients must be
inactivated, and the starch must be gelatinized before consumption. Lack of fuel
wood for cooking dry beans is a major problem facing over-populated developing
countries. Besides, continued deforestation may alter local and global climate. In

addition, smoke from the cooking fire is a major health hazard.

In most tropical countries, considerable deterioration of dry beans can occur
during high temperature and humidity storage. The main observed deterioration
includes an increase in cooking time, deterioration of texture and flavor, and loss
of nutritive value. Also, lack of ideal bean storage conditions leads to increased

losses of the crop due to weevils.

Low-cost extruders are seen as one of the best alternatives for dry bean cooking,
especially in countries with low income, because the typical existing extrusion
equipment is expensive. Extrusion is a high-temperature-short-time (HTST)
cooking technique used to produce a variety of products from different food
ingredients. Food extruders are generally available with segmented screws and a
barrel section. Segmented screws facilitate total control over the configuration of
the machine to get a combination of various process parameters. This control

makes possible many functional changes and inactivation of undesirable factors



technology. As a result, very little research has been published, but is sorely

needed.

In Rwanda, more than 90% of the population use firewood or charcoal for
cooking all types of foods. Also, increased land pressure (approximately
8,000,000 people on 26,338 sq. km) has resulted in a scarcity of wood for fuel,
and current fuelwood demands far exceed the supply. Rwanda is the number
one country in consumption of dry beans (Phaseolus vulgaris L.) in the world
(ISAR, 2001). The consumption per capita is over 60 kg, one of the highest in the
world (Africa average is 11.7 kg) (ISAR, 2001) and they are the only food require
much firewood to cook. Using a low-cost extruder for cooking beans would
reduce the amount of fuelwood and increase the amount of nutrients supplied by
beans in the Rwandan diet. The extruder would have a positive impact on the
environment and enhance nutritional well-being of dry bean consumers.
Therefore, it is very important to calculate the energy requirement for cooking dry

beans with firewood or charcoal and compare it with that used by the extruder.

Therefore, the objectives of the present research were to:
1) Assess the effect of low-cost extruder conditions on the physical
characteristics of extruded light red kidney beans;
2) Determine the fate of antinutritional components, specifically lectins in the
extruded bean products;

3) Determine consumer acceptability of extruded bean porridge;



4) Compare energy requirements for bean extrusion versus wood or

charcoal.



CHAPTER 2: LITERATURE REVIEW
2.1. Beans in the diet of man
Beans are one of the world's most important food sources, especially in
developing countries, in terms of food energy as well as nutrients (August and
Klein, 1989). Common beans are a good source of proteins and are an excellent
source of cérbohydrates (Sathe et al., 1985). The large amount of water-soluble
fiber is particularly effective in lowering cholesterol in the blood, whereas the
water-insoluble fiber provides bulk, pushing food through the digestive system at
a faster rate. Common beans are low in sodium. They are a good source of
vitamins (thiamine, riboflavin, niacin, vitamin B6, and folic acid) and certain
minerals (Ca, Fe, Cu, Zn, P, K, and Mg). Also dry beans contain about one
percent of polyunsaturated fatty acids (linoleic and linolenic). (Augustin and Klein,

1989; Mahadevappa and Raina, 1978; Sathe et al., 1985)

The contribution of common beans to the diets of people is appreciable. In
addition, common beans are less expensive than animal food products and have
considerably longer shelf-life than many animal, fruit, and vegetable products
when stored under appropriate conditions. However, dry beans have several
undesirable characteristics such as long cooking times, ‘beany’ flavor, and the
presence of enzyme inhibitors and hemagglutinins that must be removed for safe

dry bean consumption. (Gupta 1987; Sathe et al., 1985).



Table 2.1.1. Major nutrients in beans and other grains

Dry Beans | Wheat | Oats Corn | Sorghum | Millet
Energy (kcal) 333 339 389 361 339 378
Protein (g) 23.58 13.7 16.89 |6.93 11.3 11.02
Carbohydrates | 60.01 72.57 |66.27 |76.85 |74.66 72.85
(9)
Dietary fiber (g) | 24.9 12.2 10.6 7.3 6.3 8.5
Fat (9) 0.83 1.87 6.9 3.86 3.3 4.22
Iron (mg) 8.2 3.88 4.72 2.38 4.4 3.01
Potassium (mg) | 1406 405 429 315 350 195
Folate (ug) 394 44 56 25 0 85

Source: USDA, 2006

The data provided in Table 2.1.1 are per 100 g dry basis. Compared with wheat,
oats, corn, sorghum and millet, beans are a good source of dietary fiber, and B
vitamins (folic acid). Dry beans also are higher in protein and minerals such as
iron and potassium. Beans provide very little fat (linolenic and linoleic).

2.1.1. Nutritional importance of beans

2.1.1.1. Proteins

The most important role of legumes in the diet is as an inexpensive protein
source. This role is crucial in the developing countries as beans are frequently
the major source of high quality protein in the diet. Methionine is always the first
limiting amino acid in legumes (Carpenter, 1981), but they are endowed with
relatively high lysine levels. This lack of methionine explains beans’ historical
association with cereal grain. Because legumes are looked upon as a good
source of protein in vegetable-based diets, much effort has been spent in
investigating the protein quality of legumes. The protein efficiency ratio (PER) of
raw and cooked legumes is approximately 0 and 1.2, respectively (Rockland and

Radke, 1981).




2.1.1.2. Carbohydrates

Beans are rich in complex carbohydrates (Table 2.1.1), one of the nutrients that
provides energy to the muscles and brain. Carbohydrate content in dry beans
ranges from 50 to 60 % (Sathe et al., 1985). Dry beans have the best type of
carbohydrates because they are considered to be low glycemic index making

beans a suitable food for diabetics.

Monosaccharides and some oligosaccharides are present in dry beans but these
make a minor contribution to the total carbohydrate. Soluble sugars are present
in the range of 5.5 to 8% (Reddy et al., 1984). Those present in greatest
concentration are sucrose and stachyose with raffinose and verbascose also
present. Raffinose containing oligosaccharides constitute from 31-76% of the
total sugar fraction in dry beans (Naivukul and D’Appolonia, 1978; Akpapunam
and Markakis, 1979).

2.1.1.3. Dietary fiber

Dietary fiber constitutes 25% of the dry beans by weight twice as high as that in
wheat and com (Table 2.1.1)

The indigestible residue of dry beans is an important component and makes up
from 8 to 9% to the total carbohydrate fraction (Reddy et al., 1984). The most
prevalent fiber components in Phaseolus vulgaris varieties are cellulose,

hemicellulose and lignins, but pectins are also present. Dry beans contain



approximately 13% water-insoluble fiber and 11% water-soluble components

(Asp and Johansson, 1981).

The importance of dietary fiber in human nutrition has received a great deal of
attention in recent years from scientists and consumers (Hughes, 1991; Hughes
and Swanson, 1986; Olson et al., 1087; Schweizer, 1989). Numerous health
benefits (Table 2.1.1) have been associated with consuming adequate amounts
of dietary fiber, including lower blood cholesterol, reduced risk of heart disease
(Schneeman, 1986), increased fecal bulk, decreased intestinal transit time,
reduced risk of colon cancer, and improved glucose tolerance, which is

especially beneficial for diabetics (Toma and Curtis, 1986).

Dietary fiber is categorized as soluble and insoluble. Soluble fibers form gels,
increasing the viscosity of intestinal contents, which may affect glycemic index.
Soluble fibers are generally highly fermentable and affect the animal indirectly by
production of gas, short chain fatty acids (SCFA), and lactic acid as a result of
fermentative digestion in the small intestine (Roberfroid, 1993). Insoluble fibers,
that cannot be digested in the human digestive tract (Trowell et al., 1976)

contribute to fecal bulk and ease of laxation.



2.1.1.4. Lipids

Common beans contain only 1 to 3% lipids depending on the species (Patte et
al., 1982; Sathe et al., 1985). Total lipid content may vary depending on the
variety, origin, location, climate, environment conditions, and the type of soil in
which they are grown (Worthington et al., 1972). The majority of the fatty acids in
dry beans are unsaturated (Patte et al., 1982; Sathe et al., 1985; Watt and Merril,
1963). Oleic (7 to 10%), linoleic (21 to 28%) and linolenic (37 to 54%) are the
major unsaturated fatty acids, which range from 64 to 87% of total lipids. The
polyunsaturated fatty acids, such as linoleic and linolenic, cannot be synthesized
by animals and humans, and these two acids are required for normal growth, cell
structure, functions of all tissues, and prostaglandin synthesis (Lehninger, 1975;
Sathe et al,, 1985). Linoleic and linolenic help to lower blood cholesterol

(Mahadevappa and Raina, 1978).

2.1.1.5. Vitamins

In addition to supplying carbohydrates and proteins, dry beans are significant
source of vitamins especially folic acid (0.171 to 0.579 mg per 100g), thiamine
(0.86 to 1.14 mg per 100g), riboflavin (0.136 to 0.266 mg per 100g), niacin (1.16
to 2.68 mg per 100g), Vitamin B6 (0.336 to 0.636 mg/100g).

2.1.1.6. Minerals
Dry beans are also rich in minerals, such as iron, potassium, and folate (Table

2.1.1). Hosfield and Uebersax (1980) measured ash content in 34 varieties of dry

10



beans and the average of the samples was 3.94%. The mineral content of beans
should be considered in conjunction with its bioavailability (Sathe et al., 1985).
Phytic acid and proteins can complex with dietary essential minerals, such as
calcium, zinc, Iron, and magnesium, and render them biologically unavailable for
absorption (Fritz, 1976; Martinez, 1977; Sathe et al., 1985). Physicochemical
modifications of bean proteins to produce desired functional properties may alter
the binding of minerals to food components, thereby influencing the mineral

availability (Sathe et al., 1985).

2.1.1.7. Antioxidants in beans

Eating beans could help people reduce their risk of developing a chronic disease
(Wu et al, 2004). Chronic diseases are conditions that typically take many years
(10 to 30 years) to develop and include certain types of cancers, type 2 diabetes
mellitus, heart disease, and other diseases of the blood system. These diseases
are the most common causes of death in the United States and significantly

lower the quality of life for millions (Geil and Anderson 1994).

Beans are loaded with antioxidants (Table 2.1.1.7). Antioxidants are chemicals
that destroy free radicals and are highly common in many varieties of beans (Wu
et al.,, 2004). In 2004, the USDA nutritionists analyzed total antioxidant levels
using the oxygen radical absorbance capacity (ORAC) in assay in over 100

different foods, including fruits and vegetables. Among the foods analyzed, dry

11



beans (small red, red kidney, pinto, and black beans) were surprisingly found to

have high levels of antioxidants (Table 2.1.2).

Table 2.1.2. Best sources of food antioxidants: Top 20 fruits, vegetables
and nuts (as measured by total antioxidant capacity per
serving size)

Rank | Food item Serving size | Total antioxidant capacity
per serving size (umol of
TE?)
1 *Small Red Bean (dried) | Half cup 13727
2 Wild blueberry 1 cup 13427
3 *Red kidney bean (dried) | Half cup 13259
4 *Pinto bean Half cup 11864
5 Blueberry (cultivated) 1 cup 9019
6 Cranberry 1 cup (whole) 8983
7 Artichoke (cooked) 1 cup (hearts) 7904
8 Blackberry 1 cup 7701
9 Prune Half cup 7291
10 | Rasperry 1 cup 6058
11 Strawberry 1 cup 5938
12 | Red Delicious Apple One 5900
13 | Granny Smith Apple One 5381
14 | Pecan 1 ounce 5095
15 | Sweet cherry 1 cup 4873
16 | Black plum One 4844
17 | Russet potato (cooked) | One 4649
18 | *Black bean (dried) Half cup 4181
19 | Plum One 4118
20 | Gala Apple One 3903

Source: Wu et al., 2004

*Dry beans
*Trolox Equivalent

1.1.3. Lectins in beans
Landsteiner and Raubitschkek (1908) reported the ability of bean seed extracts
to agglutinate red blood cell from various animal sources. The name “lectin” was

given to proteins responsible for this activity (Boyd and Shopleigh, 1954). Lectins

12



are glycoproteins with the unique property of being able to bind disaccharides in
a highly specific fashion. In addition to erythrocyte agglutination, the lectins can
interact with other types of cells (Sgarbieri and Whitaker, 1982). Various names
have been given to lectins. Lectins in dry beans are known as
phytohemagglutinins. Lectins in dry beans make up 6 to 12% of the total protein,
suggesting that they may play an important role in the physiology of the plant.
Some of the suggested functions for the lectins are (1) acting as antibodies to
counteract soil bacteria, (2) protecting against fungal attack, (3) participating in
transportation or storage of sugars, and (4) playing a key role in the development

and differentiation of embryonic cells (Purtzai, 1991).

1.1.3.1. Toxicity effects of lectins

Lectin’s mode of action in the plant is probably related to their toxic activity in the
diet. The main physiological characteristic of lectins is their specific affinity for
certain sugar molecules. Most animal cell membranes contain these molecules,
and the lectins can be characterized by their ability to bind to and agglutinate red
blood cells (hence the name haemagglutinins). However, their toxic activity
derives from their ability to attach on the same sugar moieties on intestinal cell
membranes. The nature of this toxicity can range from long-term impaired
nutrient uptake to serious acute food poisoning symptoms. Symptoms include
nausea, vomiting, and stomach pain. Most lectin sources do not cause a

problem, and they are easily denatured by the heating processes occurring in

13



normal cooking. However, they are specific exceptions, the most well known and

significant of which is red kidney beans.

Raw kidney beans are significantly toxic and must be cooked adequately before
consumption. Given the wide availability of dried, raw kidney beans in the UK
marketplace, and adverse TV publicity in the summer of 1981, the then
department of Health and Social Security issued instructions to the food industry
on the giving of general advice to purchasers of raw beans for their preparation.

The form of wording suggested for labeling of beans for sale was:

“After soaking ovemight and throwing away the water, these beans should be
boiled briskly for at least 10 minutes and then cooked until soft otherwise they
may cause stomach upsets. Never cook in a small casserole unless the beans

have first been soaked and boiled this way. Do not eat raw beans” (Hutton, 2002)

Phytohemagglutinin, the toxic agent, is found in many species of beans, but it is
in highest concentration in red kidney beans (Phaseolus vulgaris L). The unit of
toxin measure is the haemagglutinating unit (hau). Raw kidney beans contain
from 200,000 to 700,000 hau, while fully cooked beans contain from 200 to 400
hau. White kidney beans, another variety of Phaseolus vulgaris L., contain about
one-third the amount of toxin as the red variety; broad beans (Vicia faba) contain

about 5 to 10 % the amount the red kidney beans contain.

14



Toxicity of lectins in red kidney beans has been reported in the United Kingdom.
Seven outbreaks occurred in the U.K. between 1976 (Noah et al., 1980). Two
more incidents were reported by Public Health Laboratory Services (PHLS),
Colindale, U.K. in the summer of 1988. Reports of this syndrome in the United

States are anecdotal and have not been formally published.

The disease course is rapid. All symptoms usually resolve within several hours of
onset. Vomiting is usually described as profuse, and the severity of symptoms is
directly related to the dose of toxin (number of raw beans ingested).
Hospitalization has occasionally resulted, and intravenous fluids may have to be
administered. Although of short duration, the symptoms are extremely

debilitating.

All persons, regardless of age or gender, appear to be equally susceptible; the
severity is related to the dose ingested. In the seven outbreaks mentioned above,

the attack rate was 100 %.

One of the most important nutritional problems of dry beans is low protein
digestibility. Apparent protein digestibility values of different colored beans are
low (48%-62%) compared with animal protein digestibility for meat (82%-86%).
Possible factors that influence protein digestibility of lightly cooked beans include
lectins and protease inhibitors. The toxicity of lectins is due to the lectins

combining with epithelial cells of the small intestines, interfering with intestinal
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enzyme activity, and damaging intestinal epithelial surfaces (Kim et al., 1976;

Rouanet and Resancon, 1979; King et al., 1980a and b) . Boiling for minimum of

10-12 minutes is necessary to adequately detoxify lectins (Bender and Reaidi,

1982).

2.2. EXTRUSION COOKING

2.2.1. Extrusion terminology

The names of extruder parts depend on each extruder manufacturer. In most

cases the terminology is confusing and hard to understand. The following are

most of the terms commonly used in the extrusion process (Riaz, 2000):

Feedstock: the material or mixture to be processed in an extruder
Pre-conditioner. an assembly that adjusts moisture content and
temperatures of the ingredients and may partially or completely cook them
before entering the extruder

Screw: the member that conveys the product through the extruder

Shear: a working, mixing action that homogenizes and heats the conveyed

product

Barrel: a pipe-like retainer in which the extruder screw(s) turn(s)

L/D (Length-to-diameter) ratio: distance from the internal rear edge to the
discharge end of the barrel, divided by the diameter of the bore

Die plate: Final assembly for shaping the product as it leaves the extruder
(Die holes may be drilled directly into the plate for shaping the product and

may be made of hard-wearing material).
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2.2.2. Single-Screw extruders

Single-Screw extruders may be regarded as friction pumps, since they rely
entirely on friction between the material being processed and the barrel wall to
convey materials (Purvis 1987, Starer 1996). Thus they rely on drag flow for
conveyance. The mass of the material being processed must stick to the barrel
wall in order to be forwarded, and the higher the friction forces, the more efficient

the conveyance is.

Single-Screw extruders consist of three sections: feed, transition, and metering.
The extrusion screw sequentially conveys and heats food ingredients and works
them into a continuous plasticized mass while rotating in a tightly fitting barrel.
The screw can be designed either a single piece or as a splined shaft that
accepts screw sections of varying configurations to increase versatility and

reduce the cost of replacing worn sections (Harper, 1989).

2.2.3. Twin-Screw extruders

Twin-Screw Extruders consist of two screws of equal length placed inside the
same barrel for its entire length (Martelli 1983). Twin-Screw extruders are
classified according to the position of the screws in relation to one another and to
the direction of screw rotation (IFT, 1989; Riaz, 2000). Therefore, twin-screw
extruders can be (1) counterrotating and corotating twin-screw extruders. These
categories of twin-screw extruders can be further subdivided into intermeshing

and non-intermeshing. In intermeshing twin-screw extruders, the flights of one
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screw engage or penetrate the channels of the screw while in non-intermeshing

twin-screw extruders each screw turns without interference from the other.

2.2.4. Benefits of extrusion cooking

Extrusion is a processing technology used to produce foodstuffs such as
breakfast cereals, snack foods, baby foods, pet foods, modified starches, etc. By
controlling variables such as temperature, moisture, and screw speed in the
extruder, food ingredients undergo physical and chemical changes such as
starch gelatinization and protein denaturation. These molecular transformations
convert food material into a visco-elastic dough under the presence of heat,

moisture, shear, and pressure.

2.2.4.1. Starch gelatinization

Starch granules undergo gelatinization and melting by the action of heat and
moisture on hydrogen bonding among tightly packed polysaccharide chains in
the granule structure. Under conditions of excess water, hydrogen bonding in the
less ordered amorphous regions of the granule is disrupted first, allowing water
to associate with free hydroxyl groups. This is marked by polymer chain
mobilization and can be called glass transition, Tg. Swelling is the result, and
further opening of the granule structure to the action of water occurs. Melting of
the crystalline fraction results in complete disappearance of birefringence, which

is irreversible.
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As starch is heated to gelatinization temperature, the heat energy begins to
dissociate the more weakly bonded regions within the starch granules, water
moves into the granule and it begins to swell. The swelling continues as the
temperature is raised. Shorter of the linear molecules actually diffuse out of the
swollen granule and into the surrounding liquid. However, the longer linear
chains wander through the granule among the bushy amylopectin molecules and
act to keep the molecule together and prevent complete solubilization. As the
granules take up water and swell, they occupy more space and friction is created
between granules. The starch paste becomes thicker, the consistency reflecting
the resistance to stirring of the mass of swollen particles. The greater the granule
swelling the higher will be the viscosity. However, swollen granules are fragile
and are deformed and fragmented by swelling with the consequent thinning of

the mixture (Schultz et al., 1969)

The final collapse of the granule is marked by release of remaining hydrated,
gelatinized contents into the cooking medium. Viscosity of the medium increases
rapidly until a majority of the granules are completely collapsed, which resuits in

a set back in viscosity.

The gelatinization process allows greater susceptibility of starch to enzymatic

hydrolysis and, subsequently, higher starch digestibility.

19



2.2.4.2. Protein denaturation and digestibility

The nutritive value of a protein depends on the ease with which it can be
digested. Many factors including the presence of protease inhibitors can reduce
the amount of protein for intestinal absorption. The heat generated during
extrusion cooking improves the digestibility of proteins by inactivating enzyme
inhibitors and denaturing the protein, which may expose new sites for enzyme

attack.

Alteration from the naturally ordered conformation of a protein molecule to a
randomly structured molecule is called denaturation (Orten and Neuhaus, 1970).
Most proteins are sensitive to changes in pH, ion concentration and temperature.
The highly native protein is easily disrupted as weak cross-linkages are broken.
The polypeptide chains may unfold and the helix becomes disordered.
Denaturation does not include breaking of the peptide linkage in a hydrolysis
process. Hydrolysis of proteins, except when carried out by enzymes, requires

extreme conditions of heat and acidity and alkalinity.

2.2.5. Low-cost extrusion cooking

Low-cost extrusion cooking has been studied with encouraging success (Harper
and Jansen, 1981) and could offer the long-term solution the malnutrition
problem among children in developing countries, for example. Africa. Childhood
malnutrition is a serious health problem in several countries of the world. In a

country such as Tanzania, in East Africa, 200,000 children die annually under the
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age of five as a result of inadequate protein, energy, and/micronutrients (Mosha
and Bennink, 2004). However, most of studies (Harper and Jansen, 1981) were
on soybean and did not include foods local to the developing countries such as

root/stem tubers and dry beans.

Low-cost extrusion cooking has been suggested as a suitable alternative for
mass production of pre-cooked, nutritious cereal and legume foods are shelf-
stable (Harper and Jansen, 1985). Extrusion cooking technology is still limited in
developing countries. Developing countries can benefit from low-cost extruders in
the following ways. (Moquet et al, 2003).

1. Women in the countryside can save time they use gathering firewood to
cook beans;

2. Low-cost extruders can be used to process local foods such as corn,
cassava, potato, beans into nutritious snacks. The snacks can be ground
into powder that can be used to prepare nutritious porridge that can
prevent malnutrition, especially among children;

3. Low-cost extruders are suitable for countries of low income as they are

cost-effective and require less technology skills.

In most developing countries, extrusion cooking is not very popular in food
processing enterprises because its full potential has not been well recognized
(Dedeh and Saalia, 1997). One of the major reasons why adoption of extrusion

cooking for processing of ready-to-eat foods and infant flours is very limited in
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poor countries is that the present extruders are designed for large scale
production, thus requiring very high investment and technical knowledge (Moquet
et al., 2003). Even the so-called low-cost extruders, that were designed for the
production of complementary foods around 1980s by the University of Colorado
(Harper, 1985; Harper and Jansen, 1985; Said, 2000), are too costly and their
production capacity is too high (approximately 55,000 U.S. dollars for an extruder
with production capacity of 1 ton an hour). These extruders are thus not
affordable for developing countries. Therefore, the development of a small and
simple low-cost extruder (about 22,000 dollars with production capacity of about

100 kg an hour) would be of great potential interest for countries with low income.
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CHAPTER 3: MATERIALS AND METHODS
3.1. Raw material
Whole dry light red kidney beans (Phaseolus vulgaris L.), harvested in 2005 and
having ~13% moisture content (appendix 6), were purchased from Bayside Best
Beans, LLC (Sebewiang, Mich., U.S.A.). The beans were hand-sorted to remove
splits, wrinkled seeds, and any debris and stored at 4°C until needed for

extrusion processing.

3.2. Extrusion experiments (Objective 1)

Before extrusion dry light red kidney beans were ground with a hammer mill
(Model D comminuting Machine, The W.J. Fitzpatrick Company, Chicago USA)
to pass through mesh No. 50 US standard. Extrusion runs of raw ground red
kidney beans were carried out in duplicate using a low-cost (less than $20,000)
laboratory co-rotating twin-screw extruder model JS30A manufactured in China
by Qitong Chemical Industry Equipment Co, Ltd. The screws are 30 mm in
diameter and the barrel has a L/D of 14. A full factorial design was used. Raw
light red kidney bean flour was extruded at 25% and 36% moisture content wet
basis; screw speed was 118, 194 or 253 r.p.m; feed rate of bean flour was 80 or
120g/min and extrusion barrel temperatures were 105 and 120°C (temperature
profile 1) and 115 and 130°C for temperature profile 2 (Table 3.2.1) where 120°C
and 130°C are nearest the die end of the extruder. The die was a plate with one
7-mm diameter circular hole. Moisture content was determined using the formula

in appendix 5.
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Table 3.2.1. Experimental design

Sample Screw
Number Barrel Temperature Moisture Speed | Flour Feedrate
(°C) Content (%)* (rpm) (g/min)
1 120/105 25 118 80
2 120/105 25 184 80
3 120/105 25 253 80
4 120/105 25 118 120
5 120/105 25 184 120
6 120/105 25 253 120
7 120/105 36 118 80
8 120/105 36 184 80
9 120/105 36 253 80
10 120/105 36 118 120
11 120/105 36 184 120
12 120/105 36 253 120
13 130/115 25 118 80
14 130/115 25 184 80
15 130/1156 25 253 80
16 130/115 25 118 120
17 130/115 25 184 120
18 130/115 25 253 120
19 130/115 36 118 80
20 130/115 36 184 80
21 130/115 36 253 80
22 130/115 36 118 120
23 130/115 36 184 120
24 130/115 36 253 120

*Moisture content was calculated using the formula in appendix 5
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Table 3.2.2. Extruder specification

Screw diameter 30mm

Screw length 425mm
Motor 4 kw

Screw Speed 70-258 rpm
Output Up to 12 kg/h
Heating power 1.8 kw

Twin-lead
section

Mixing lobes

Reverse
paddles

Kneading and cooking

JS30A extruder is a twin-screw extruder. The 425 mm length solid twin screws
with fixed configuration are divided into four segments. The first segment is a
twin-lead section in the feeding zone. It is followed by mixing lobes and 30°
reverse paddles. The next segment towards the die end that is used for kneading

and mixing has uniform configuration of 90° mixing lobes.
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3.2.1. Fabrication of feeder

The feeder used throughout the study was designed in the shop of the
Department of Biosystems Engineering, Michigan State University. Motor and
auger were purchased from Grainger (Lansing MI) while other parts like hopper
and general assembling of the parts were done in the shop of the Department of

Agricultural and Biosystems Engineering of Michigan State University.

3.2.2. Calibration of feeder

The single-screw extruder feeder described in 3.2.1 above was calibrated by
setting a range of feed rates and weighing feed material every 30 seconds. Each
collection was done 5 times. The feeder had a coefficient of variation (CV) of
about 3%. Afterwards a calibration equation was made for extrusion

experiments.

3.2.3. Calibration of water pump

Calibration of water pump was done in a similar way as the extruder feeder
(3.2.2). Water was collected at different pump rates every 30 seconds and
weighed. Each collection was done five times. A calibration equation was

obtained for extrusion.

3.2.4. Estimation of degree of fill
Degree of fill is affected by changing screw speed and feed rate. Extruding at
different conditions such as screw speed and feed rate may affect the degree of

fill and shear and amount of mixing on the material being processed. Lower
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degree of fill allows more mixing. This may influence the quality characteristics of
extruded products. To estimate the degree of fill of the extruder used for all runs,
we measured the volume of the twin screws. Briefly the screws were submerged
in 2000 volumetric cylinder and the volume of water displaced was taken as the
volume of screws which was 0.000384 m*. The volume of the screws was then
used in the computation of void volume of the extruder. Percent fill was

calculated as follows:

% fill = ™ x 100

vd
Where
m = mass flow rate of dough (71 fiour + ™ water) (Kg/s)
t = residence time, s
v = void volume of the extruder (m*) was 2.02 x 10* m?

d = dough density (kg/m®) was 1100 kg/m®

For the dough density measurement, the method used by Schmid et al., 2005
was used. Briefly, a sample of dough was taken near the entrance of the extruder
die, wrapped in a pre-weighed plastic wrap and then weighed. After recording the
weight, the dough was place in a 100 mL graduated cylinder filled with 30 mL
distilled water. Dough volume was recorded as the volume of water displaced by
the dough. The density of the dough was calculated as the weight of the dough

(kg) divided by the dough volume (m®).
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3.2.5. Residence Time Distribution

Average retention time is very important during extrusion cooking. Residence
time distribution is a measure of the length of time the material spends in an
extruder barrel. Residence time distribution in an extruder is a useful means of
determining optimal processing conditions for mixing, cooking, and shearing
reactions during the process. From knowledge of RTD function one can estimate
the degree of mixing, the residence time of mass flow, and the average total
strain exerted on the mass during its transition and thus provide a clearer picture
of how an extruder behaves as chemical reactor (Fichtali and Van de Voort,
1989). Residence time distribution, like degree of fill, is also affected by feed rate

and screw speed.

3.2.5.1. Preparation of dyed flour to measure Residence Time Distribution

Twenty grams of extruded bean flour was mixed with 8 mL of water-based red
dye #1080-0500 (Craft Store, Cordova, TN) by weight. The dye was poured on
the flour and mixed until the dye was completely absorbed. The mixture was the
let to dry at room temperature until sufficient moisture had evaporated for the
sample to be milled. The dye-flour mixture was coarsely ground using a mortar

and a pestle.

3.2.5.2. Residence time sample collection

Mean residence times were determined using a tracer (red dye) described in

3.2.4.1. At each extrusion run, approximately 4.0 g of the residence time dye was
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added instantaneously to the barrel hopper. Time in seconds was recorded from
when the dye was added until color was seen coming out through the die.
Samples were then collected every five seconds from the time color appeared in
the extrudate until the there was no more color visible in the bean extrudate. A
strand was collected prior to color injection to represent the color value at time
zero. The samples were placed in aluminium pans in sequence and allowed to
dry at room temperature for 24 hr until they were dried. A coffee grinder
(Sunbeam Corporation, Maitland, FL) was used to grind each strand. Each
sample in the amount of approximately 2.0 g was then placed into a round disc
with a 3.5 cm diameter and 0.5 cm height. A hunterLab D25 L color meter
(Hunter Associates Laboratory, Reston, VA) measured the a* value (redness) of
the ground samples. Results were reported as color minus control color. A white
tile (Standard No. C2-30954) was used to standardize the colorimeter. Redness
values were recorded and were used to represent the intensity color (t) of red

color at exit time t.

3.2.5.3. Color concentration calibration curve

The idea of color-concentration curve for residence time distribution was
developed by Peng et al., (1994) and was applied for all residence time samples
in this study. Unlike the linear “standard curve” typically used for High
Performance Liquid Chromatography (HPLC), the calibration curve for
concentration versus color is non-linear. At high concentrations, there is a color
saturation effect, where large increases of concentration cause only minimal

changes in color readings. Seven batches of flour were prepared by mixing 5, 10,
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25, 75, 100, 150, and 200 mL dye with 300g bean flour. A spray bottle was used
to spray the dye onto the flour in aluminium pan. Sprayed flour was allowed to sit
overnight so that the flour could fully absorb the dye. The flour mixtures were
then placed in the dryer at approximately 80°C. After drying to a state that could
be extruded, the samples were extruded at 80g/min feed rate; 25% moisture
content and 118 rpm screw speed. Each of seven batch was extruded
separately and after a steady state was attained, samples for color reading were
collected. Samples were placed in aluminium pans and allowed to dry for 4 hours
in the oven at 80°C. A coffee grinder was used to grind samples and color
readings were taken in triplicate. Color was measured using a Hunter Color
Difference Meter (D25 DP 9000 System Hunter Color Associates Lab., Reston,
VA). Color readings (a*) were plotted against dye concentration to obtain a
calibration curve. This relationship was then applied to all residence time data to
estimate mean residence time. This calibration curve is used to convert all
extrudates color values to color concentration, c. Normalized concentration E(t)

was calculated according to Levenspiel (1999):

ci
"~ YciAti

Et) ="
[e(t)dt
0

The normalized concentration, E(t), was used to calculate mean residence time,

t
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3.2.6. Specific mechanical energy

Efficiency is always a major concem for engineers. Food extrusion is an energy
efficient process because a substantial amount of the mechanical energy from
the extruder motor is dissipated during the viscous flow within the extruder barrel.
Specific mechanical energy (SME) is a measure of the viscous energy
dissipation per unit mass of dough (Mason and Hosneney, 1986). This energy
originates from the direct current motor supply which provides the required
torque to turn screws at a given screw speed. A portion of total power supplied to
the shaft is used to push dough along the barrel against back pressure generated
at the die (Mohamed et al., 1990). The remaining power is transferred into the
dough via fluid friction. Therefore, specific mechanical energy is calculated as the
total power supplied to the shaft (kW), divided by the mass flow rate.

3.2.7. Physical characteristics of bean extrudates (Objective 1)

3.2.7.1. Expansion ratio

After drying extrudates at room temperature for 24 hours, the average diameter
of 5 randomly selected extrudates were measured for each treatment using a
vernier caliper. Per sample, five strands were randomly selected and three
measurements were taken along the product. The ratio of the mean diameter of

the extrudates to the die diameter of 7 mm was calculated as the expansion ratio.
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3.2.7.2. Bulk density

The bean extrudate pieces that were approximately 0.5 cm long of extrudate
were placed in a 100 mL graduated measuring cylinder. The graduated cylinder
with extruded bean pieces was tapped gently on a flat surface before weighing.
The bulk density was calculated as weight per unit volume, as:

Bulk density = g of sample per 100mL
100mL

Duplicate determinations were made for each sample.

3.2.7.3. Water Absorption Index

The determination of Water Absorption Index was determined according to the
method reported by Mason and Hoseney (1986), Gomez and Aguilera (1983)
and Anderson et al., (1969). Briefly, 20 g of extruded bean extrudate was mixed
in 20 mL of distilled water at 30°C and centrifuged at 1000 x g for 15 min. The
supernatant was dried in an oven at 130°C for 2 hours. Taking two
measurements per sample, Water Absorption was calculated as the increase in
weight of the sediment (gel) formed after decanting the supernatant.

WAI = (weight of sediment + centrifuge tube) — (weight of centrifuge tube)
Sample dry weight

3.2.7.4. Water Solubility Index
The supernatant from the water absorption determination was decanted in a pre-

weighed moisture dished and evaporated to constant weight in the oven. Water
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Solubility Index was calculated as a percentage of soluble material using the

following equation:

% WSI = (weight of dish + dried supernatant) — (weight of dish) x 100
Sample dry weight

3.3. Starch gelatinization

Sample preparation for Rapid Visco Analyzer

After extrusion, the extrudates were dried in a tray drier at 60°C for overnight to
obtain dry samples having moisture content of approximately 5 %. Extrudates
were then ground in a coffee grinder so that they could pass through a 80-mesh
United States Standard sieve and used for the determination of pasting

characteristics.

Viscosity measurements

The pasting profile was determined using a RVA (Newport Scientific, Narabeen,
Australia) according to the manufacturer's instructions using the following profile:
a 2 min hold at 25°C followed by a target temperature of 95°C at 7 min., holding
at 95°C to 10 min and cooling back to 25°C at 15 min and holding to complete
profile at 20 min. A 3-g sample (14% moisture dry basis) was mixed with 25 mL
of distilled water and transferred to the aluminium sample holder can (Walker et

al., 1988; Deffenbaugh & Walker, 1990).

The parameters that were obtained from RVA included:
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a) Initial viscosity (IV), i.e. the viscosity obtained at 25°C at the beginning of
RVA study.

b) Peak Viscosity (PV), i.e. the highest viscosity shown by the paste in the
peak formed by joining the inflection points of the base line viscosity
curves during the heating phase.

c) Hot-paste viscosity (HPV), i.e. the viscosity of the paste at the end of the
heating phase at 95°C

d) Cold-paste viscosity (CPV), i.e. the viscosity of the paste at the end of the

cooling phase, namely at 25°C.

The area under the peak occurring during the heating phase of the pasting curve
exhibited by the extrudated samples, relative to that of raw beans (as 100%),
represented the ungelatinized or uncooked part, which after subtraction from 100

yielded the extent of gelatinization (Newport Scientific, Narabeen, Australia).

3.4. Phytohemagglutinin assay (Objective 2)

Boniglia et al., (2003) identified lectins (phytohemagglutinins) in kidney beans as
a major antinutrient factor. Phytohemagglutinins are proteins present in a variety
of legume seeds including dry beans (Phaseolus vulgaris L.) Lectins are believed
to have antinutritional properties by interfering with growth and utilization of
dietary nutrients (Puztai, 1977). Active phytohemagglutinins are also believed to

cause food poisoning.
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For all treatments including raw dry beans (control), samples were extracted
according to the method of Boniglia and others (2003). Briefly, 1-g samples of
finely ground extruded beans (0.5 mm mesh size) were extracted in 20 mL of
PBS (phosphate buffer solution, 10 mM, pH 7.2 containing 150 mM NaCl) by
stiring overnight using a magnetic stirrer at room temperature. After
centrifugation (10,000 X g, 35 min, 10 °C), the supernatant was collected and the
pellets were re-extracted twice in 10 mL PBS, stirred as above for 2 h at room
temperature and centrifuged as above. The clear supernatant was collected and

stored at 4 °C until further analysis.

The detection of active phytohemagglutinin activity (PHA) in bean samples was
performed by ELISA, according to the method of Boniglia and others (2003).
Microtiter plates, coated overnight at 4 °C with 0.1 mL of porcine thyroglobulin (8
ng/uL in 50 mM carbonate-bicarbonate buffer, pH 9.8), were washed twice with
PBT (phosphate buffer 10 mM, pH 7.2 containing 0.05% Tween 20) and once
with PBS (phosphate buffer 10 mM pH 7.2 containing 150 mM NaCl). Remaining
plastic reactive sites were blocked by incubation (1 h, 37 °C) with PBS
supplemented with 0.5% bovine serum albumin (BSA). The wells were then
washed as described above an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>