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ABSTRACT

Complementary food is food meant for infant and young children with the goal of
bridging the gap between their daily energy and nutrient requirement and the amount
obtained from breast milk. Complementary foods are characterised by high energy and
nutrient density, shelf life stability and safety.1.3 million tons of food is lost yearly in
the globe, 25-50% being attributed to poor packaging and storage conditions. Amaranth
sorghum grains complementary flour is a blend of 90:10 steeped and germinated
amaranth to sorghum grains respectively, dried, extruded and milled. It is a dry product
with 8.8% fat content, 70.4% being unsaturated. This makes the product susceptible to
lipid oxidation and moisture absorption from the storage environment. Information on
the quality stability of ASCF under different storage condition in different type of
packaging material is limited.In this study the effect of storage condition and type of
packaging on the quality of the flour were examined. The flour was packaged in kraft
paper, kraft paper with laminate and aluminium pouch and were then stored at either
ambient conditions, 25°C, 60% relative humidity or 35°C,75% relative humidity .
Quality assessments were done every 45 days from day zero as the baseline until the
180™ day. Lipid oxidation was monitored through determination of peroxide value and
p-Anisidine value. Microbial quality was determined through total viable count, and
yeasts and moulds counts. Moisture adsorption isotherm was determined gravimetrically
and fitted in different models. Water vapour permeability of the packaging materials was
determined gravimetrically at 25°C, 75% relative humidity and 35°C, 75% relative
humidity. Samples stored at 35°C, 75% relative recorded the highest peroxide value of
2.3meq O, ; kg at 180™ day storage period. The interaction effect between storage
conditions, storage time and type of packaging significantly (p = 0.000) affected fat
oxidation which was seen to increase with storage time, high-temperature storage and
kraft paper package. Total microbial count detected at the baseline level and over the
storage period showed an insignificant increase (p =1.000) except for samples packaged

in kraft paper and stored at 35°C and 75% relative humidity where increase was by

XVi



6.6% log cfu/g at 180" day storage period. The product exhibited type two sorption
isotherm according to Brunner classification, an indication of monolayer-multilayer
sorption behavior. By use of Heiss-Eichner model, the flour is predicted to keep for
1991 days at 25°C and 60% relative humidity having it packaged in aluminium pouch.
Based on the results, it can be concluded that aluminium pouch and low storage

temperature and relative humidity favours quality stability of the flour during storage.
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CHAPTER ONE

INTRODUCTION

1.1 Background Information

Complementary food is that which is fed to infants above six months of age and young
children with the aim of bridging the gap between their daily energy and nutrients
requirement and that which is provided by breast milk. Good complimentary food is
characterised by high nutrients and energy density. In Kenya, the proportion of stunted,
underweight and wasted children between the ages of 6-59 months according to the
Kenya Demographic Health Survey of 2014 was 26.2%, 11.8% and 4.2%, respectively
(KDHS, 2014). The prevalence of under-nutrition among children under 5 years
continues to be high especially in developing countries with the level of wasting peaking
at the period of introduction of complementary foods (KDHS, 2014). Among the causes
is the inadequacy of the complementary diet both in quality and quantity causing them to
be more vulnerable to diseases (KDHS, 2014; Konyole, 2014). Availing complementary
foods that are able to meet the nutrition need of infants and young children is, therefore,
key in reducing the occurrence of child under-nutrition among infants and young
children (I'YC).

Amaranth sorghum grains complementary flour (ASCF) was developed from 90%
amaranth grains and 10% sorghum grains (Okoth et al., 2017). This formulation had
5.0£0.2 kcal of energy per gram on dry weight basis which is significantly higher than
those of foods used by World Food Program to rehabilitate moderately malnourished
children (Okoth et al., 2017). Its protein content was 14.4g/100g which is higher than
the recommended 9.1g/d protein required to be provided by complementary foods for
children between agel2-23 months (Okoth et al., 2017). Protein in ASCF gave 11.5%
kcal which was higher than the minimum requirement of 6.9% protein energy

contribution recommended by World Health Organization/ Food and Agriculture
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Organization (WHO/FAQ) (Okoth et al., 2017, WHO, 2007). In addition the product
contained, 14.8 g/100g, 9.3 g/100g and 12.3 g/100g of glucose, fructose and sucrose,
respectively, which are the key mono-and disaccharides beside lactose (Okoth, et al.,
2017). These sugars resulted from the breakdown of starch by amylase enzymes during
germination (Kanensi et al., 2011). This is reported to lower viscosity due to increased
soluble components hence increased nutrient density of resulting gruels which is
advantageous in infant’s formulation (Ojha et al., 2018). The level of anti-nutrients in
the product was significantly low which was evidenced by inability to detect the anti-
nutrients, improved in vitro iron and zinc bioavailability and inability to detect an
indigestible protein (Okoth et al., 2017). The product’s fat content was 6.8% supplying
energy content of 12.2% of total energy of which 7.4% was from essential fatty acids
(Okoth et al., 2017). Amaranth is also rich in iron and zinc among other micronutrients
(Mburu et al., 2011).

Food products normally undergo deterioration and spoilage during storage resulting
from growth and activities of microorganisms, food enzymes activities and chemical
reactions within the food (Gernah et al. , 2011). These changes are majorly influenced
by intrinsic factors like water activity and nutrient content or extrinsic factors such as
temperature and relative humidity (Singh and Cadwallader, 2004). Consumption of
contaminated foods is the major cause of diarrheal disease which account for 1 in 9
deaths in children below 5years of age globally (WHO, 2009). In Kenya it accounts for
6.8% deaths for children under the age of 5 years (You et al. 2015). Children under the
age of 5 years are more susceptible to foodborne illness due to undeveloped immune
system, less stomach acid production which kills harmful bacteria and children’s
exploratory behavior that make them ingest nonnutritive materials (WHO 2009). More
so children consume more food per their body weight in comparison with adults. This is
due to their rapid growth beside homeostasis maintenance. Therefore, if the food they
consume is harmful, they will receive more contaminants relative to their size than

adults. The incidence of diarrheal disease in children is reported to be higher after
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complementary feeding is initiated (Ogbo 2018). According to Kenya Demographic
Health Survey (KDHS 2014) 12.9% of children below six months had diarrhea. This
more than doubled in children between the age of 6 and 11 months (26.6%) when
complementary food is introduced (KDHS 2014, 150). Diarrheal diseases also increase
the risk of malnutrition (Unicef, 2013). Complementary food should therefore be safe

and shelf life stable to avoid causing food borne illnesses to the end consumers.

Food packaging is considered the cheapest and easiest way of preventing spoilage of
food by acting as a barrier from environmental contamination and maintaining the good
attributes of the packaged product (Opara, 2013). According to the World Packaging
Organization (WPQ), an approximation of over 25% of food is wasted due to poor
packaging (Olsmats and Wallteg, 2009). Studies have shown that proximate composition
of stored products can be altered by packaging materials used based on their relative
permeability of either water vapour or other gases from the storage environment (Butt et
al., 2004). Most packaged dry products are susceptible to moisture absorption from the
environment through packaging when stored in humid environments which can cause
undesirable effects on shelf life (Dalpe and Lloyd-George, 2012). For example, products
that are in form of powder or are crystalline can be clumped and biologically active
chemicals hydrolyze after absorbing moisture. The key characteristics of packaging
material for dried foods are barrier properties to water vapour, oxygen, and light in
addition to physical strength required to maintain the integrity of the package (Dalpe and
Lloyd-George 2012). Packaging which permeates oxygen or light could initiate
oxidation resulting in rancidity and related objectionable flavors in dry products with a
high-fat content (Robertson, 2009). Kraft paper (K), kraft paper with laminate (KL) and
alluminium pouch (A) are the commonly used packaging materials commercially for

complementary dry flours in Kenya.

Quality stability tests such as peroxide value (PV) and p — Anisidine (p-AV) value is key
for foods which are high in unsaturated fat as it gives the total lipid oxidation status of

the product. Moisture adsorption isotherm determination is necessary to assess the
3



product’s stability at different d, since products are exposed to different temperatures

and humidity during storage and distribution. Analysis of water vapor transmission rate
(WVTR) of packaging material is essential in predicting the shelf life of the packaged
product based on the package’s barrier properties. Analysis of microbial stability is
paramount as microbial deterioration is considered the highest food safety risk which is
largely influenced by factors like moisture, nutrients and temperature among others
(Singh and Cadwallader, 2004).

1.2 Problem Statement

About 1.3 billion tonnes of food is reported to be wasted yearly during production,
distribution, and at house hold level (Opara, 2013). This makes it a major contributor of
nutrition and food insecurity (Opara, 2013).Among other causes of food losses in terms
of quality and quantity are inappropriate processing and packaging which are attributed
to 25 to 50% food loss (Opara, 2013).Children under the age of 5 years are vulnerable to
food borne illnesses (WHO,2009). Consumption of contaminated food is the major

cause of diarrhea diseases which is reported to cause 1 in 9 deaths of children globally.

Food products normally undergo deterioration and spoilage during storage resulting
from the growth and activities of microorganisms, food enzymes activities and chemical
reactions within the food (Gernah et al., 2011). Spoilage susceptibility is high in foods
with unsaturated fatty acids due to the presence of double bonds which are the most
active sites on the fatty acid chain (Sewald and DeVrieset al., 2003). ASCF has 70.4%
unsaturated fat hence may be susceptible to oxidative rancidity which leads to
development of off flavor in low moisture foods. Dry products ‘storage stability is

largely dependent on their water activity (a, ). They are likely to absorbing moisture
from the environment hence increasing theira, .This may cause quality instability by
making them susceptible to microbial growth like moulds which releases mycotoxins

which are lethal to the health of the consumer. Further, such product clumps, after
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absorbing moisture from the storage environment decreasing their solubility which is
perceived negatively by the consumer (Dalpe and Lloyd-George 2012).

Quality stability and safety of complementary foods are paramount and should be
ensured. The quality stability of food vary with storage environment and packaging
materials used. External factors like temperature and relative humidity and packaging
barrier properties are key in maintain the quality attributes of food.There is limited
information and research regarding the food safety aspect of the ASCF product during
storage hence the study.

1.3 Justification

ASCF is nutritionally superior to the commonly used complementary foods in Kenya
and can be used to rehabilitate moderate malnourished children. In a study on the
efficacy ASCF porridge in the rehabilitation of moderately acute malnourished children
in a low-resource setting in Kenya, ASCF was found to reduce the percentage of
moderately malnourished children (Okoth et al., 2017).

Poor packaging and storage conditions is attributed to almost half of food lost globally
(Opara, 2013).Different packaging materials and storage conditions affects the quality
stability of stored products. Packaging materials differ in their barrier properties to
environmental factor such as water vapour transmission, light, oxygen and other gases.
Packaging is vital in preventing food spoilage by maintains product wholesomeness and
quality hence prolonging its shelf-life (Inyang et al., 2006; Opara, 2013; Uchechukwu-
Agua, 2015).

Storage environment with high humidity and temperature can lead to caking of the flour
product characterized by the product sticking/adhering on the package surface due to

increase in friction (lgbal and Fitzpatrick, 2006). High storage humidity can also

increase the d, of the stored product hence microbial instability. The rate of lipid
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oxidation is reported to be enhanced to some degree by a rise in temperature (Kilcast,
2001).Lipid oxidation release products which give undesirable biological and sensory
effects affecting quality parameters and nutritive value of foods. It is considered one of
the major causes of spoilage in natural and processed foods hence, a huge economic
concern in food manufacturing (Frankel, 1980). Appropriate packaging material and
storage condition maintains the quality attributes of the product until it gets to the end

user

Moisture adsorption isotherm gives knowledge on hydration process of the product. This
knowledge is crucial for the design and optimization of drying equipment’s, design of
packages, predictions of quality stability, shelf-life and for calculating moisture changes
that may occur during storage (Jha et al., 2014). Understanding the moisture adsorption
behaviour of ASCF will assist in selecting appropriate packaging and storage conditions
based on empirical knowledge of its hydration behaviour to optimize its shelf
life.Maintaining ASCF nutrition quality will result to healthy I'YC void of diarrhea
caused by contaminated foods.

1.4 Objectives

1.4.1 Main objective

To establish the effect of packaging and storage condition on quality of an amaranth and

sorghum grains complementary food.

1.4.2 Specific objectives

(@) To determine the effect of storage condition and duration on lipid
oxidation and microbial quality of an amaranth sorghum grains

complementary flour.



(b) To evaluate the effect of selected packaging material on lipid oxidation
and microbial the quality of an amaranth sorghum grains complementary
flour.

(c) To assess the moisture adsorption behavior of an amaranth sorghum
grains complementary flour.

(d) To estimate the shelf life of the amaranth sorghum grains complementary

flour.

1.5 Hypotheses (Ho)

(@) The quality attributes of the amaranth sorghum grains complementary flour are
not significantly affected by storage conditions and storage duration.

(b) The packaging material do not significantly affect the quality attributes of
amaranth sorghum grains complementary flour during storage.

(c) The moisture adsorption behavior of amaranth sorghum grains complementary
flour cannot be fit sorption models.

(d) Amaranth sorghum grains complementary flour shelf life cannot be estimated.

1.6 Scope and the Limitation of the study

The study considered fat oxidation as the chemical deterioration that would take place in
the flour. Assessment of microbial stability only considered total microbial count and
yeast and mold without isolating individual microbes for identification. Selection of
appropriate packaging material only considered its permeability to water vapor but not
light and other gases. Cost of packaging material was not also considered. This was due
to limitation of funds and equipment for determining permeability of other gases to the

packaging.



CHAPTER TWO

LITERATURE REVIEW

2.1 Malnutrition in Children

Malnutrition is a worldwide concern affecting over 2 billion people (KDHS, 2014). In
general, it refers to both over-nutrition and under-nutrition (Bldssner et al., 2005). The
most common type of malnutrition in developing countries is under- nutrition. Child
under-nutrition is evaluated by determining weight and height and screening for clinical
manifestations and biochemical markers (Unicef, 2013; WHO,2009). Indicators based
on weight, height and age are equated to international standards to give the nutritional
status of a population. Stunting shows early chronic exposure to under-nutrition
indicated by inadequate length/height for age; wasting shows acute malnutrition
indicated by low weight for height while underweight is a combined indicator of

stunting and wasting given by inadequate weight for age (Unicef, 2013; WHO, 2009).

Under-nutrition increases infection susceptibility and aggravates their severity hence
categorized as the most key risk factor for illness and death in children in developing
countries (Blossner et al., 2005). Although under-nutrition is hardly the direct cause of
death except in situations like famine, child malnutrition was linked to nearly half of all
deaths in children under the age of 5 years globally (Unicef, 2018). Incidences of under-
nutrition among children under 5 years in Sub-Saharan Africa are persistens evidenced
by 32.1% stunting and 14.7% wasting according to data by Unicef (2018).

2.2 Complementary Feeding and Under-nutrition in Children

Based on life cycle, 1000 days which include the period of pregnancy and child’s second

year is the most crucial time to meet the nutrition requirement of a child (WHO, 2009).

At this period, vital organs like brain and nervous system are developing hence, timing,

severity and length of nutritional deficiencies may result in irreversible effects (Unicef,
8



2013).Enhancement in nutrition after 2 years of age may not ordinarily result in

regaining lost potential (Unicef, 2013).

Complementary feeding falls between the age of 6 months and 23 months when most
infants reach common and neurological development stages where they are able to feed
on other foods other than breast milk (Dewey, 2013; WHO, 2009). Complementary
foods should be particularly designed to meet the nutritional or physiological needs of
infants with the goal of bridging the gap between the daily energy and nutrient
requirement of infants and young children and the amount obtained from breastfeeding
(WHO, 2009). Complementary feeding, however, is a challenge to good nutrition in
children aged 6-23 months in several parts of the developing countries (Abeshu et al.,
2016). This is majorly caused by feeding them plant based foods low in energy and
nutrient density and high in anti-nutrients. The bulkiness of plant-based complementary
food limits the quantity weanling consumes due to their tiny stomach hence inadequate
nutrients and energy to meet their requirements (Okoth et al., 2017; Lalude and
Fashakin, 2006). High anti-nutrients in these foods limit level of absorption of essential
micronutrients like zinc and iron and may lead to micronutrient deficiencies in children
(Okoth et al., 2017; Asma et al., 2006; Gibson et al., 1998).

2.3 Complementary Feeding as an Intervention to Address Under-Nutrition in
Infants and Young Children

Appropriate feeding with adequate and safe complementary foods have been shown to
improve health and growth in children from the age of 6 months onward (Unicef, 2013;
Bhutta et al., 2008). Good complementary feeding practices have been reported to
significantly reduce stunting in children especially in vulnerable populations (Unicef,
2013). Use of supplements fortification of foods with limiting micronutrients, addition
of sugar and oil are some of the approaches that have been used to improve the nutrition
status I'YC.



Use of nutrient-rich but acceptable local foods together with simple processing methods
has been found to be more sustainable and should be considered in fighting
micronutrient deficiencies and improving infants’ growth (Konyol, 2014) Amaranth
grain is nutritionally promising and has been recommended in complementing other
cereals like sorghum. This is because of its high-quality protein, rich in lysine which is
the limiting amino acids in cereals. Amaranth grain also has elevated levels of sulfur
amino acid content than most important legumes (Okoth et al., 2017; Konyole, 2014).
The total mineral content in amaranth grains is higher than that of conventional grains
with iron being at least twice that of wheat grains (Konyole, 2014; Pedersen et al.,
1987).

2.4 Amaranth Grain and its Nutritional Quality

Amaranth belongs to the order Caryophyllales, family Amaranthaceae, and genus
Amaranthus (Mlakar et al., 2009). Amaranthus is coined from the Greek word “Anthos”
which means everlasting or unfading. It is currently referred to as the third-millennium
crop plant (Rastogi and Shukla, 2013). Amaranth is among the few superior crops whose
both grains and vegetables are of high nutritional quality and can be used as food and
feed (Algbejo, 2013). Grain amaranth is a pseudo cereals gluten-free grain originally
cultivated in ancient Mexico (Rastogi and Shukla, 2013). Amaranth species are about
400 in the genus Amaranthus though most of the species are characterized as weeds and
are linked with difficulties in farming practices (Rastogi and Shukla, 2013). The species
are categorized based on their use whether vegetable amaranth, food grains, ornamentals
and forage (Algbejo, 2013; Mlakar et al., 2009; Sauer, 1967). The species associated
with Grain amaranth are four namely; A. cruentus, A. hypocondricus, A.caudatus, and
A. edulis (Mburu et al., 2011; Pal and Khoshoo, 1974). A. lividis is for vegetable
amaranth while A. tricolor is both for vegetable amaranth and ornamental (Rastogi and
Shukla, 2013).
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Like maize and beans, grain Amaranth was one of the basic foods of the New World in
Pre-Columbian time (Mlakar et al., 2009). It was used in beverages, porridges, and
sauces by Indians. The grains were popped like maize or milled into flour. The grains
were also used for medicinal purposes (Rastogi and Shukla, 2013). Indians also used
amaranth for religion purposes where they made idols out of amaranth dough which was
paraded and eaten ritually as a sign of communion with god (Mlakar et al., 2009).
However because of similarity to Holy Communion of Catholics, there was a ban from
cultivating amaranth by Cortex in 1519 (Mlakar et al., 2009). The introduction of new
crops from Europe also lead to high reduction in Amaranth production as there was
drawback of amaranth seed being too small making its commercialization a challenge
(Mlakar et al., 2009). In 16" century, crop amaranth was introduced in Spain and spread
the whole of Europe. By 19" century, it had spread to African and Asia where it is
majorly grown as a vegetable plant and is considered a minor cereal food in the
Himalayan region of Asia (Mlakar et al., 2009).

Most crop species that are produced in the world today are poor in nutrition value and
have led to genetic erosion hence the rising interest in alternative crops that are rich in
nutrition value (Macharia-Mutie et al., 2012; Mlakar et al., 2009). Grain Amaranth has
drawn great interest due to its high nutrition composition and adaptability. Its agronomic
performance is exceptional considering its resistance to heat, drought, and diseases
(Mburu et al., 2011; Paredes-Lépez et al., 1990). It is a low-cost production and a fast-
growing crop that grows under wide-ranging agro-climatic conditions and soils (Rostagi
and Shukla, 2012; Katiyar et al., 2000). Use of amaranth as a grain and vegetable has
been emphasized as a rich and affordable source of protein and other important nutrients
for the low resource setting communities (Rostagi and Shukla, 2012; Prakash et al.,
1995).

Despite maize being the staple food in Kenya, its supply has been very inconsistent with
the demand which has intensified food insecurity in the country. Grain amaranth can be

a substitute to maize farming, especially in drylands in Kenya or during dry seasons as it
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requires little rain. After an extended intense drought which was experienced in East
Africa, research on amaranth was done in Kenya during the 1984-1985 growing season
(Gupta and Thimba, 1992). Amaranth and sorghum yielded in areas where maize failed
due to shortened rain (Gupta and Thimba, 1992). In addition to amaranth showing
tolerance during drought, the grain amaranth is of more nutrition value compared to
sorghum hence is recommended to substitute maize especially in areas with low rainfall
(Gikonyo et al., 2011; Gupta and Thimba, 1992).

Grain amaranth was officially registered as a crop in Kenya by the Ministry of
Agriculture in 1991(Gupta and Thimba, 1992). Figures 2.1 and 2.2 shows a picture of
amaranth plant and amaranth grains respectively. Its spread, however, has been slow
though it is currently emerging to be the solution in areas with challenge of finding a
suitable crop. It is being promoted as a cash crop by Poverty Eradication Commission to
assist in fighting poverty (Mburu et al., 2011; Sustainet, 2006). Grain amaranth is sold in
small quantities in major towns in Kenya. Important institutions like HIV/AIDS
orphaned children’s homes and the private wing of Kenyatta National Hospital have also
mentioned amaranth grain consumption where patients on special diets are
recommended to consume. In Uganda, amaranth grain has been promoted for feeding
children suffering from malnutrition by the Sustainable Rural Livelihoods program. It is
normally blended with other staple grains like maize, millet, and sorghum. Its
consumption has shown a direct relation to childhood malnutrition recovery (Mburu et
al., 2011).
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Figure 2.2: Amaranth grains

Grain amaranth has been reported to contain an average of 13.1 to 21.0 % crude protein;
48 to 69% starch, 5.6 to 10.9 % crude fat, 3.1 to 5.0 % dietary fibre and 2.5 to 4.4% of

ash. Its proximate composition varies among species (Mlakar et al., 2009).

Starch is the major component of amaranth grain and it ranges between 48 to 69%
depending on the species. It is waxy with high level of amylopectin (88.9-99.9%), high
viscosity and gelatinization at higher temperatures as compared with normal starch
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(Mlakar et al., 2009). The starch granule of amaranth grains is very small compared to
other cereal grains like rice, maize, and wheat. Due to the small size of the starch
granule, its water-binding capacity is higher hence greater swelling power/absorbance
capacity, lower solubility and increased resistance to amylase which are suitable
characteristics for gelatinisation and freeze/thaw stability valued in food industry
(Mlakar et al., 2009; Resio et al., 1999; Qian and Kuhn, 1999).

The protein content of amaranth grains is higher than other common cereal grains
(Rastogi and Shukla, 2013; Bejosano and Corke, 1998). Its protein digestibility is also
high and is approximated to be 90%. Grain amaranth is known to be rich in lysine which
is the limiting amino acids in other grains and it ranges between 4.9 to 6.1 g per100g
proteins. It has been shown to be comparable with egg protein hence can be used as a
protein source (Rastogi and Shukla, 2013 Pisarikova et al., 2005). It also has elevated
levels of the sulfur-containing amino acid content of 2-5%, which is commonly the
limiting amino acid in legumes. The amino acid composition of amaranth grains is very
close to the FAO/WHO recommendation for humans' balanced diet (Rastogi and Shukla,
2013). 65% of the protein in grain amaranth is found in the embryo while 35% is in the

perisperm (Mlakar et al., 2009).

Amaranth grain is rich in fat. Its fat is characterized by a high content of unsaturated
fatty acids which is approximated at 77% (Algbejo, 2013). The fatty acid composition of
amaranth grains variety grown in Kenya was reported to be as follows: 0.5 to 0.6%
lauric acid, 0.1 to 0.2 % myristic acid, 19.6 to 20.7% palmitic acid, 1.5 to 2% stearic
acid, 38.2 to 39.3% oleic acid, 1.6 to 1.9% linolenic acid and 36.4 to 37.8 % linoleic acid
(Kariuki et al., 2013). It is mainly composed of triglycerides (non-polar lipid
compounds) which ranges between 80.3 to 82.3% and low amount of phospholipids in
the range of 9.1-10.2%. (Rastogi and Shukla, 2013; Gamel et al., 2007). The oil is a
good source of omega series of fatty acids and its digestibility corresponds to that of
cotton oil (Rastogi and Shukla, 2013). It also has tocols (1.5 g/kg) and squalene an

14



antioxidant up to 6.8%, unlike wheat germ oil whose content is 0.1to 1.7% (Rastogi and
Shukla, 2013).

Amaranth grain is reported to be rich in micronutrients which are considered essential to
the human body. Its minerals composition is; iron 72 to 174 mg/ kg, calcium 1,300 to
2,850 mg/ kg, sodium 160 to 480 mg/ kg, and magnesium 2,300 to 3,360 mg/ kg and
zinc 36.2 to 40 mg/ kg. The vitamin composition includes riboflavin, ascorbic acid
niacin, and thiamine in the ration of 0.19 to 0.23mg/100g, 4.5 mg/100g, 1.17to 1.45 mg
/100g and 0.07 to 0.1 mg/100g respectively (Mlakar et al., 2009). Grain amaranth
contains 8-16 % of dietary fibre with 18-40% being soluble fibre (Schnetzler and

Breene1994). The dietary fibre content in grain amaranth varies with species.

In addition, amaranth grains contain anti-nutritional factors like phytate which can limit
the absorption of other essential nutrients in the body. Amaranth grain grown in Kenya
was found to have 7.9 mg per 100g of phytate which was significantly reduced to an
undetectable level after germination (Okoth et al., 2017). The level of phytic acid of
grain amaranth is however lower than that of other cereals like maize and wheat but
higher than that in rice and millet. The grain amaranth also contains important
antioxidants in form of polyphenols like tannin content of 0.8% catechin equivalent
whole levels are lower than in sorghum, millet and other pseudocereals like quinoa
(Mlakar et al., 2009).

2.5 Sorghum Grain

Sorghum is grown globally and is majorly used for animal feeds in developed countries
while in Asia and Africa the grain is used both for human nutrition and animal feeds.
Sorghum is rated fifth after wheat, maize, rice, and barley, which are among the most
important cereal in the world agricultural economy (Dicko et al., 2006). It is, however,
the second in sub-Saharan Africa after maize. In 2013 worldwide sorghum production

was 61.5 million metric tonnes where 42.3 million hectares were planted with sorghum
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globally USA, Nigeria, Mexico, India, and Ethiopia being the main producers (Proietti et
al., 2015). In Kenya, sorghum is grown principally in the often drought-prone marginal
agricultural areas of Eastern, Nyanza and Coast Provinces. Consumption of sorghum is
similarly localized to these growing areas. The crop performs well in areas between 500
meters and 1700 meters above sea level, with seasonal rainfall of 300mm and above.

Sorghum grains are a key source of energy and protein for about one billion people in
the semi-arid region of tropics. In developing countries, sorghum is part of the people’s
staple food hence a major source of energy and nutrients for the majority of rural
communities in areas susceptible to drought (Proietti et al., 2015; Belton and Taylor.
2004). More than 300 people in developing countries are estimated to depend on
sorghum as their source of energy (Dicko et al., 2006; Godwin and Gray, 2000). An
extensive range of traditional food recipes and products are sorghum-based which
include boiled sorghum like rice, beer from brewed sorghum, flatbreads, and porridge.
Apart from providing calories, sorghum contains protein, vitamins B group E, D and K
in addition to minerals, such as zinc, phosphorus, and iron. The protein content of
sorghum grain is equivalent to most of the other cereal grains based on composition.
Amino acid like lysine, arginine, and threonine are limiting in sorghum just like in wheat
and maize (Proietti et al., 2015). The main storage protein in sorghum is kafirins which
lack essential amino acid lysine; hence its abundance in a given sorghum variety impacts
negatively on its nutritional value. Due to its unique nature of tolerance to drought,
water lodging, saline-alkali infertile soil and high temperatures and is a commonly used
traditional staple cereal in Kenya, it was used to complement amaranth in developing

nutrient-dense food targeting communities in low resource settings (Okoth et al., 2017).

2.6 Processing Treatment of ASCF

Different treatments are employed to enhance the quality of complementary foods based
on locally available food materials. These include, soaking, germination, fermentation,
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mechanical processing, thermal processing and addition of animal source foods to plant

based foods. The following treatments were used in preparation of ASCF

2.6.1 Soaking

Soaking grains before cooking is a practice that is common in many communities
especially in Kenya. Soaked grains are said to cook faster hence saving fuel and time.
Soaking has also been reported to reduce the level of water soluble phytates in legumes
by decanting after they passively diffuse in water (Hotz and Gibson, 2007). Some
polyphenols and oxalates that inhibit iron and calcium absorption in the body are also
reduced by soaking. The level of reduction, however, is dependent on the species, pH,
duration, and conditions of soaking (Hotz and Gibson, 2007, Erdman and Pneros-
Schneier, 1994). A soaking procedure that is simple to use in rural subsistence
households was developed and shown to reduce phytates in unrefined maize flour by
approximately 50%. This is key as research has shown improvement in the absorption of
zinc, iron, and calcium in both adults and infants after consuming food based on cereals
with reduced phytate contents. Soaking may also result in the reduction of oxalates and
polyphenols that inhibit the absorption of calcium and iron. In preparation of ASCF,
amaranth grains were steeped for 5 h while sorghum grains were steeped (Okoth et al.
2017). This was found to be the optimum time for steeping amaranth grains based on dry
matter loss and reduction in anti-nutrient levels (Kanensi et al., 2011).

2.6.2 Germination

Germination has been reported to increase the activities of endogenous phytase in
cereals, oilseeds and legumes by activation of intrinsic phytase or and de novo synthesis
hence hydrolyzing the phytates. The level of hydrolysis depends on the species and
variety of the grains and other factors like the stage of germination, pH, moisture
content, temperature, solubility of phytate, and the presence of certain inhibitors (Egli et

al., 2002). Degradation of phytates increases bioavailability of both iron and zinc
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(Konyole. 2014). Other than phytates, the process of germination also reduces tannin
and other polyphenols in legumes and red sorghum through the formation of polyphenol
complexes with proteins in addition to slow degradation of oligosaccharides (Konyole,
2014). Starch in cereals is also hydrolyzed to dextrins and maltose during germination
by a-amylase activity resulting in amylase rich flour characterized by reduced bulkiness
hence more flour is used resulting in improved energy and nutrient densities of the
porridge and thus enhanced child growth (Haug et al., 2010). Amaranth grains that were
germinated for 24 hours while sorghum grains were germinated for 72 h, were ground
into flour (Okoth et al., 2017). Based on dry matter loss and reduction in anti-nutrient
levels, germinating amaranth grains for 24 hours was the optimum processing time
(Kanensi et al., 2011)

2.6.3 Thermal Processing

This involves heat treatment which may result in improved micronutrients
bioavailability like iodine and thiamin through destruction of some anti-nutritional
factors such as thiaminases and goitrogens (Yadav and Sehgal, 2002). Degradation of
phytates which inhibits absorption of zinc, iron and calcium is dependent on other
factors like pH, plant species and temperature. Blanching of green leaves and boiling of
tubers have been reported to reduce phytic acid by 5-15% (Hotz and Gibson 2007;
Yeum and Russel, 2002; Erdman and Pneros-Schneier, 1994). It has also been reported
to cause release of vitamin B-6, thiamin, folate, niacin and carotenoids from entrapment
in the plant matrix hence increasing their bioavailability. Beside improvements in
bioavailability however, heat treatment is reported to cause losses in activity of water
soluble and heat labile vitamins like vitamin C, thiamin, folate, riboflavin hence there
should be a balance of extent of heat treatment to improve bioavailability of nutrients

and preserve the heat labile nutrients (Hotz and Gibson, 2007).

Extrusion cooking is also a processing method practiced in developing countries since
the 1950s to process cereal-soy blends like Pronutro (South Africa), Faffa (Ethiopia),
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and Multipurpose Food (India) among others (WHO, 2003). Uncooked food materials
are fed in the extruder and subjected to intense mechanical shear into viscous, plastic-
like dough at150 - 180 ° C, 25 MPa for 60-120 seconds before being forced through a
die (WHO, 2003). This improves protein and starch digestibility, bioavailability of
sulfur-amino acids, enhances palatability and texture as well as reducing microbial count
(Owino et al., 2007). Extrusion leads to thermal hydrolysis of starch and reduction in
moisture content, hence it may reduce dietary bulk and anti-nutrients Alonso et al.,
(2000), which is a good attribute for complementary foods. In addition, it reduces
cooking time during food preparation as the material is already precooked (Mlakar et al.,
2009). In processing ASCF, germinated amaranth and sorghum grains were dried in an

oven at 60°C for 48 h and the rootlets were removed, then taken through dry extrusion.

2.6.4 Mechanical Processing

This involves processes such as household pounding reducing the grains into small sizes
and removing the bran and or the germ from cereals hence reducing phytate contents
found in the outer valeurone layer or germ. Although the mineral content and some
vitamins of the pounded cereals are simultaneously reduced, their bioavailability may be
enhanced. Milled cereal flours in some industrialized countries are enriched to
recompense for the lost micronutrients during processing (Hotz and Gibson, 2007).
Mechanical processing of vegetable results in disruption of the subcellular membranes
where carotenoids are bound hence may assist in improving their bioavailability (Hotz
and Gibson, 2007). In processing ASCF, extruded amaranth and sorghum grains were

milled to make flour.

2.7 Nutrient Composition of ASCF

Amaranth grain has higher protein level than other staples like maize, sorghum, rice and
wheat (Mlakar et al., 2009). The grain’s protein is also of high quality and similar to

milk protein being close to the ideal amino acid balance recommended by Food and
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Agriculture Organization (FAO) for human consumption (Okoth et al., 2017; Kauffman
and Weber, 1990). Amaranth is recommended for infants due to its high protein
digestibility, absorption, and retention by the baby’s body system (Mburu et al., 2011,
Kauffman and Weber, 1990). Its lysine and tryptophan contents are also satisfactory
according to FAO/WHO standards. This makes amaranth a suitable complement to
cereal grains like maize or sorghum which are inadequate in amino acids lysine and
tryptophan, respectively (Okoth et al., 2017; Alegbejo, 2013). It has been shown to yield
highly in both arid and semiarid areas (Alegbejo, 2013). Sorghum is a drought-tolerant
traditional staple cereal that is widely used in Kenya hence was used with amaranth
grain to develop a complementary flour. Due to the high level of anti-nutrients in plant-
based food, sorghum and amaranth grains were steeped and germinated to reduce anti-
nutrients levels and increase the bioavailability of minerals in the grains (Ertop and
Bektas, 2018; Okoth et al., 2017).

Okoth et al. (2017) used different formulations of amaranth to sorghum grains (90:10,
80:20, 70:30, 60:40) with different treatments aiming at developing a product that
provided adequate energy, protein content and minimized anti-nutrients content. On the
basis of energy, 90:10 steeped and germinated amaranth to sorghum grains formulation
was chosen for the complementary food. Figures 2.3, 2.4, 2.5, 2.6, 2.7 and 2.8 shows
steeped amaranth grains, steeped sorghum grains, germinated sorghum grains,
germinated amaranth grains, extruded amaranth and sorghum grains and ASCF
respectively. The protein content had no significance difference among different
formulations while the anti-nutrients in the formulations could not be detected. (Okoth et
al., 2017). This formulation contained 5.0 + 2 kcal / g dwb which was significantly
higher than those of foods used by World Food Program to rehabilitate children that are
moderately malnourished (Okoth et al., 2017 ).

ASCEF protein content was 14.4g/100g intake which was higher than the recommended

9.1g/d protein required to be provided by complementary foods for children between
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age12-23 months (Okoth et al., 2017). Its protein provided 11.5% kcal of energy which
was way higher than the minimum requirement of 6.9% protein energy contribution
recommended by World Health Organization/ Food and Agriculture Organization
(WHO/FAO) (Okoth et al., 2017; WHO, 2007). In addition, the product contains, 14.8
0/100g, 9.3 g/100g and 12.3 g/100g of glucose, fructose and sucrose respectively, which
are the key mono-and disaccharides in addition to lactose (Okoth et al., 2013). These
sugars resulted from the breakdown of starch during germination and are characterized
by high nutrient density and low dietary bulk which is advantageous in infant’s food
formulation (Ojha et al., 2018; Okoth et al., 2017; Okoth et al., 2013; Nelson-Quartey et
al., 2007).
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Figure 2.3: Steeped amaranth grains
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Figure 2.4: Steeped sorghum grains

Figure 2.5 : Germinated sorghum grains
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Figure 2.6: Germinated amaranth grains

Figure 2.7: Extruded amaranth and sorghum grains
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Figure 2.8: ASCF

The level of anti-nutrients in the product was significantly low which was evidenced by
the inability to detect protein indigestibility (Ojha et al., 2018, Singh and Cadwallader,
2004). The product’s fat content was 6.8% supplying energy content of 12.2% of total
energy of which 7.4% was from essential fatty acids (Okoth et al ,. 2017). Its 1ron
content was 6 mg/100 g with bioavailable of 5.5 mg per 100 g translating to11.2 mg per
1000 kcal, while zinc content was 3.2 mg per 100 g with the bioavailability of 2.8 mg
per 100 g giving 5.6 mg per 1000 kcal based on HCL extractability.

2.8 Storage Stability of Food Products

Food products normally undergo deterioration and spoilage during storage resulting
from growth and activities of microorganisms, food enzymes activities and chemical
reactions within the food, and pest infestation (Gernah et al., 2011). These changes are
majorly influenced by intrinsic factors like water activity and nutrient content or
extrinsic factors such as temperature, moisture, oxygen, light and physical stress (Singh
and Cadwallader, 2004). ASCF like other foods can undergo spoilage during. It being a
dry product inform of flour is prone to moisture absorption from the environment which
can lead to microbial spoilage. The product is also high in unsaturated fatty acid hence
susceptible to fat oxidation which may result in rancidity causing off-flavor and taste.

2.8.1 Microbial Stability and Shelf life of Food Products

Microbiological deterioration is considered the highest food safety risk which is largely
influenced by factors like moisture, nutrients, temperature, pH, and time (Singh and
Cadwallader, 2004). A high percentage of spoilage microorganisms are air-borne
contaminating the product in the farm. In cases where the raw grains have mycotoxins
from fungi, the resulting product will also contain mycotoxins which are difficult to

eliminate through processing treatments. Spoilage microorganisms can also be
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introduced in the product during processing, handling, and storage (Braide et al., 2011).
Certain strains like Escherichia coli and Aspergillus are toxin and mycotoxin producers
that present health risks when consumed. Mucor species are responsible for food

deterioration and eventual spoilage (Braide et al., 2011).

Dried cereal products like flour, breakfast cereals, infant cereals, snack food, and
oatmeals normally have water activity < 0.5 (Serna-Saldivar, 2012) which can inhibit
proliferation of most microbes excepts molds thus decreasing the possibility of microbial
hazard occurrence (Eskin and Robinson, 2000). In regard to that, cereals related
foodborne illnesses are less common with proper storage practices that exclude water
adsorption, insect’s infestation and rodent’s contamination (Legan, 2000). However, if
the water activity is favorable, microbial growth will be evident especially Bacillus
species. (Jay et al., 2005). ASCF is rich in nutrients such as protein, fat, vitamins and
minerals (Okoth et al., 2017). It can therefore be a suitable grounds for microbes to

flourish and proliferate when the environment is conducive.

ASCF is extruded before milling and packaging. The heating step reduces microbial
flora, water activity and enzymatic spoilage (Klunder et al., 2012). Storage temperature
and moisture have to be carefully monitored to ensure safety of the product. Most
microorganisms cannot grow in an environment with water activity below 0.6 hence
products should be dried preferably to a water activity of less than 0.6. Apart from molds
and bacteria, insects (weevils) are also responsible for the quality deterioration of cereal
products (Indiramma, 2008). Storage should be done in suitable packages that can

protect the product from environmental contamination.

2.8.2 Chemical stability and Shelf life of Food Products

Nutrient losses in foods might occur during various stages of processing from the point
of harvesting, transportation, processing, and handling or during storage. This is

influenced by their sensitivity to factors like oxygen, light, heat or a combination of
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these (Severi et al.,1997). Chemical changes are majorly attributed to the reaction
between food components or reaction between food and other external agents such as
oxygen (Kilcast, 2001). Spoilage based on chemical reactions results from enzymatic
and non-enzymatic degradation and lipid oxidation. These reactions can concurrently
happen in food systems and the rate of reaction is enhanced to some degree by a rise in
temperature (Kilcast, 2001).

Oxidation of lipids is one of the major causes of spoilage in natural and processed foods.
It constitutes a complex series of reactions first yielding peroxides which are the primary
oxidation products that upon exposure to prolonged oxidation conditions releases
secondary oxidation products like ketones, hydroxyl compounds, aldehydes, epoxides
polymers and oligomers (Barriuso et al., 2013). Most of the released products give
undesirable biological and sensory effects affecting quality parameters like color, flavor
and nutritive value of foods. Lipid oxidation is, therefore, a huge economic concern in
food manufacturing hence its control is very key (Frankel, 1980). Determination of the
extent of lipid degradation in processed foods which are high in fat content is one of the
main method used to predict their shelf life (Singh and Cadwallader, 2004). Fats consist
of fatty acids that are chemically combined to glycerol. These fatty acids can either be
saturated or unsaturated and their distinctive combination impacts the chemical and
physical characteristics of fat. Saturated fatty acids are known to be stable due to their
lack of double bonds between their carbon atoms while unsaturated fat is subjected to
variety of reactions due to the presence of double bonds which are the most active sites
on the fatty acid chain (Sewald and DeVries, 2003).

Lipid oxidation follows different pathways which include: autoxidation also known as
radical mechanism, photo-oxidation is also known as singlet oxygen mediated
mechanism and enzymatic oxidation by lipoxygenases (Barriuso et al., 2013). Fat
degradation through enzymatic reaction is where triglycerides are hydrolyzed by
lipolytic enzyme lipase releasing free fatty acids and glycerol. The liberated compounds

may have detectable flavors which can render the product unacceptable. Lauric acid as
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low as 0.3% is highly noticeable due to its strong soapy flavour. Besides the change of
flavour, the hydrolysis of fat also imparts bitter taste on the product (Sewald and
DeVries, 2003). High temperatures favour the rate of hydrolysis reaction. The process
hardly occurs during normal storage conditions unless when lipolytic enzymes are
present like in palm fruit and coconut oil. The enzymes are normally inactivated through

heat treatment during processing.

Autoxidation and photo-oxidation result in similar peroxides that only differ in
stereoisomerism and in position. Autoxidation is initiated by removal of hydrogen atom
by activation energy enhanced by presence of double bonds and high temperature
(Barriuso et al., 2013). Photooxidation, on the other hand, is triggered by highly
reactive singlet oxygen species formed by excitation of triplet molecular oxygen under
presence of photosensitizers and exposure to light (Choe and Min 2005; Min and Boff,
2002). Peroxides especially hydroperoxides are the first compounds that are formed
during the process of oxidation. Besides them being intermediate compounds of the
process of lipid oxidation, they are fairly stable and their stability is dependent on the
structure of lipid hence can be used to determine oxidation status of food (Barriuso,
Astiasaran, and Ansorena, 2013). Peroxides may continue with the oxidation reaction
forming secondary oxidation products like ketones, hydrocarbons, alcohols, and
aldehydes. Metals like iron and copper promote the process of autoxidation which is
why manufacturers treat oils and fats with chelating agents to complex the metals
(Institute of Shortening and Edible oils (1.S.E.O) 2006). Lipid oxidation results in the
development of off-flavors and odors a condition identified as oxidative rancidity
(Kilcast, 2001). Some fats are more susceptible to this change while others resist the
change to a significant degree depending on the level of unsaturation, presence of

antioxidants among others.

The oxidation reaction process can be progressively measured by determining peroxide
value or by n-hexanal and aldehydes quantification in food products during storage.

Most peroxides have no noticeable taste or odour but further reacts forming
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objectionable compounds (Padmashree, Sharma and Govindaraj, 2013). Different
peroxides formed during oxidation process differ in their stability. Some of the formed
products like those that contain conjugated double bonds are highly unstable and cannot
be measured through iodometric method for peroxide value (Barriuso Astiasaran, and
Ansorena, 2013).However others like those that comprise of methylene interrupted
double bonds are stable for weeks or even months at room temperature. When Active
Oxygen Method or Oil Stability Index is used in determining oxidation of refined oil, it
confirms that peroxide value increases speedily after the induction period. With high
stable oil, there is insignificant change in peroxide value during initiation period and this
can last for some time. With further oxidation, rate of peroxide formation with respect to
decomposition decreases and eventually the formation becomes lower than
decomposition. PV value as a measure of rancidity is not applicable for food that
contains substances that enhance decomposition of peroxides such as metal ions or
enzymes. The method is suitable for measuring the quality of fresh oil whose PV is <I

but not for those with higher PV value above 5 like shortenings.

Once hydroperoxides are broken down, varied compounds are formed like aldehydes
and can be used to track fat/oil degradation with time. Various methods can be used to
determine the aldehydes. One of the chemical analysis methods used is p-Anisidine
Value which determines the number of aldehydes (principally 2-alkenals and 2, 4-
dienals) in animal and vegetable oils and fats by reaction of these compounds with the p-
Anisidine (Barriuso, Astiasaran, and Ansorena, 2013). This reaction highlights the
concentration of the number of aldehydes and ketones, giving the dimension of the
secondary oxidation of the fat matrices (Labrinea, Thomaidis, and Georgiou, 2001).
ASCF had 6.8% fat content with 70.4 % being unsaturated (Okoth et al., 2017). Due to
its high level of unsaturation it may be susceptible to oxidative rancidity. The degree of
unsaturation in fat is based on presence of double bonds on fatty acid. The more the
double bonds the higher the degree of unsaturation, therefore, the instability of fat due to

more reaction sites. Rancidity leads to development of off flavour in low moisture foods
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resulting in rejection of processed foods by the consumer (Hu, 2016). Objectionable
flavors result from the decomposition of peroxides forming volatile like aldehydes,
ketones, and esters among others having low flavour threshold values. The rate of lipid
peroxidation was monitored by determining peroxide value changes as well as p-
anisidine value in ASCF packaged in different packaging materials and stored in three

different storage conditions.

2.9 Moisture Sorption Isotherms

Water impacts strongly on product attributes such as safety and quality. Understanding
the relationship of water in products requires the knowledge of moisture content that can
be held at a given water activity. Water activity (d,) is a physicochemical parameter

that shows the state of moisture within a solid material and is defined as the ratio of the
vapour pressure of water in the material to vapour pressure of pure water at the same
pressure and temperature (Yaptenco, 2017). It indicates the availability of water in a

food matrix for microbial growth, chemical and biochemical reactions hence a major

determinant of stability and safety of dried foods. Maintaining @, below 0.7 slows down

microbial activity and is expected to completely stop at @, below 0.6 though chemical
reactions like lipid oxidation, non- enzymatic and enzymatic browning may still happen
(Yaptenco, 2017). For dried foods to be successfully preserved the d,, is maintained at

0.3 or below (Yaptenco, 2017).

Sorption isotherms were classified according to their shape and processes by Brunauer et

al., (1940) establishing five different types; as shown in Figure 2.9. Type 1, present a
characteristic increase in d, related to increasing moisture content; the curve is convex

upwards and the first derivative of the plot increases with moisture content. Type 1 is
normally applicable in the process of filling the water monomolecular layer at the

internal surface of a material. Type 2, is sigmoidal sorption isotherms, in which the
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curves are concave upwards; it takes into account the existence of multilayers at the
internal surface of a material. Type 3, is J shaped and accounts for a solvent or
plasticizer such as glycerol above the glass transition temperature. Type 4, describes the
adsorption of a swell-able hydrophilic solid until a maximum of site hydration is
reached. Type 5: the Brunauer-Emmett-Teller (BET) multilayer adsorption isotherm, it
is the one observed in the adsorption of water vapour on charcoal and it is related to the
isotherms type 2 and 3. Type 2 and 4 are most frequently found in food products
(Andrade et al., 2011)
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Figure 2.9: Types of isotherms described by Brunauer (Andrade et al., 2011)

Different researchers have proposed over 200 models for simulation of sorption
behaviour aiming at expressing the relationship between a, and equilibrium moisture

content of a material at a constant temperature and pressure (Lemus . 2011). Some are
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theoretically based, others are empirical while others are a simplification of more
sophisticated models. The amount of water absorbed by a product is dependent on its
physical-chemical state, chemical composition and physical structure making the
isotherm shape unique for each product type (Al-Muhtaseb et al.,2002). Therefore, the
model that is suitable for a particular food product may not be suitable for another ( Al-
Muhtaseb et al., 2002).

Fitting the most suitable models helps describe the sorption behaviour of food hence the
state of water and its interaction with food components. The knowledge and
understanding of sorption isotherms in food are key for the design and optimization of
drying equipment, design of packages, predictions of quality stability, shelf-life and for
calculating moisture changes that may occur during storage (Jha et al., 2014).

Moisture sorption properties of ASCF has not been studied yet. It being a dry product,

its storage stability is largely dependent on its moisture henced,, . Dry products become
unstable at highd,, in the range of 0.6-0.85 making the product susceptible to microbial

growth hence reduced shelf life. It is, therefore, necessary to control thed, in dried

products for their safety. Determining ASCFs adsorption isotherm is necessary to assess

its stability at different d, since products are exposed to different temperatures and

humidity during storage and distribution. Understanding its moisture sorption behaviour
will assist in selecting appropriate packaging and storage conditions based on empirical

knowledge of its hydration behaviour to optimize its shelf life.

2.10 Product Packaging and Shelf-Life Stability

Food packaging is a harmonized system of preparing food for transport, distribution,
storage, retailing and end-use with optimal cost to satisfy the ultimate consumer (Coles
et al., 2003). It is considered the cheapest and easiest way of preventing spoilage of food

through undesirable organisms and extraneous matter that may have an effect on product
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quality. This is by acting as a barrier (Opara, 2013). According to the World Packaging
Organization (WPQ), an approximation of over 25% of food is wasted due to poor
packaging (Olsmats and Wallteg, 2009). Studies have shown that proximate composition
of stored products can be altered by packaging materials used based on their relative
permeability of either water vapour or other gases from the storage environment (Butt et
al., 2004). Poor and inadequate packaging results in shelf life instability hence food

losses (Ogiehor and Ikenebomeh, 2006).

Optimal packaging keeps the product readily available to the consumer in good quality
and prevents deterioration caused by microorganisms, chemical reactions, and
environmental contamination hence lessen the significant amount of food wasted
(Olsmats and Wallteg, 2009). In addition, there is increased impact of food packaging
due to the current consumer demand for convenient and high-quality food products
(Opara, 2013; Chuzel and Zakhia,1991) Most packaged dry products are susceptible to
moisture in the environment. They absorb moisture through packaging when stored in
humid environments which can cause undesirable effects on shelf life (Dalpe and Lloyd-
George, 2012). For example, products that are in form of powder or are crystalline can
be clumped and biologically active chemicals hydrolyze after absorbing moisture. Such

b

products that tend to absorb moisture from the environment are called “hygroscopic’

(Dalpe and Lloyd-George, 2012).

The key characteristics of packaging material for dried foods are barrier properties to
water vapour, oxygen, and light in addition to physical strength required to maintain the
integrity of the package (Dalpe and Lloyd-George 2012). This is because of their
sensitivity to water absorption which causes significant changes in quality and texture.
Packaging which permeates oxygen or light could initiate oxidation resulting in rancidity
and related objectionable flavors in dry products with a high-fat content (Robertson,
2009). To combat this challenge, many improvements have been done on packaging
materials to lower their water vapour transmission rates. Dependent on the product that

is packaged and the degree to which it is vital to minimize water vapour transmission
32



rate, the cost of investment in package production varies. For example, dry foods like
sugar and flour are hygroscopic but inexpensive and have high turnover rate, hence do
not necessitate a very long storage period. Partial migration of moisture to the package
does not usually result in significant problems of the packaged product. These
inexpensive products, therefore, are packaged in multilayers of coated kraft paper which
are affordable and considered to provide adequate protection (Dalpe and Lloyd-George,
2012).

A water vapour transmission rate of 6.0 grams of water per 100 square inches of
packaging material per day at the standard testing conditions (90% RH, 38°C) is
considered acceptable commercially for dry products (Dalpe and Lloyd-George, 2012).
However, some products which are rich protein and fat are more sensitive to moisture
migration as it tends to increase their spoilage. Further, such product clumps, decreasing

the ability to flow which is perceived negatively by the consumer.

Manufacturers tend to use packaging with lower rates of water vapor transmission in the
range of 0.4-0.8 gram per 100 square inches per day in standard testing conditions
(Dalpe and Lloyd-George, 2012). Such packaging materials normally comprise
polyethylene laminated to kraft paper or whole plastic laminates as such materials are
fairly affordable and their water vapour transmission rate is sufficiently low. This
achieves the overall goal of the package to provide sufficient protection to the
hygroscopic product and in addition is economically feasible to produce. Another
effective barrier material used due to its low vapour transmission rate is aluminum foil
(Dalpe and Lloyd-George, 2012). Foil is normally used as a protective layer when
packaging hygroscopic products. However foil can easily tear due to its being brittle
thus, it is lined with plastic layer to make it resistant to puncture (Dalpe and Lloyd-
George, 2012).

Another necessity for packaging is sealability. The selection of appropriate packaging
material is key to the food market. The package should be adequately versatile to bear
33



handling process forces without compromising its chemical, physical integrity and
proper barrier properties from environment influence. The uniqueness of each product
composition makes them interact differently with packaging material making each to
have a particular packaging material that is appropriate for it (Robertson,
2009).Commonly used packaging materials for the storage of flour products include

plastic containers, polymeric and paper bags (Uchechukwu-Agua, 2015).

The type of package and storage conditions used has an impact on the quality, shelf-life,
and safety of food products by their influences on moisture content, water activity and
nutrient compositions of the food product (Opara, 2013). Storage environment with high
humidity and moisture content can lead to caking of the flour product characterized by
the product sticking/adhering on the package surface due to increase in friction (Igbal
and Fitzpatrick, 2006). Thus, packaging is vital in food systems because it adds value,
reduces losses, and maintains product wholesomeness and quality hence prolonging its
shelf-life (Inyang et al., 2006; Opara, 2013; Uchechukwu-Agua, 2015).

34



CHAPTER THREE

MATERIALS AND METHODS

3.1 Experimental Material

Amaranth (Amaranthus cruentus) and sorghum (Sorghum bicolor (L.) Moench) grain
samples were purchased from the Bondo Farmers Marketing group in Siaya county,
western Kenya. The grains were first sorted separately by hand picking as well as
sieving to remove foreign matter and other materials other than the amaranth grains or
sorghum grains. The sorted grains were then cleaned using running water until the
washing water was void of dirt. The clean grains were then steeped, germinated and
dried as described by Okoth et al., (2017). This was carried out at Kenya Industrial
Research Development Institute (KIRDI) located in South C Nairobi Kenya. The dried
grains were packaged white polypropylene sacks and transported to Jomo Kenyatta
University of Agriculture Technology Enterprise Limited (JKUATES) where extrusion
and milling was carried out to get ASCF. Blending of the grains in the ratio of 90:10
amaranth to sorghum grains was done before extrusion. This formulation was chosen as
it gave the highest energy in comparison to other blends and its protein content was
satisfactory (Okoth et al., 2017). Storage and analysis was done in Jomo Kenyatta
University of Agriculture Technology (JKUAT)

3.2 Experimental Design

A randomized block design was applied in the study. The samples were divided into four
homogeneous sub groups or blocks. Three sub groups were subdivided into twelve (12)
200g samples and packaged either in K, KL or A (Figure 3.1). The fourth subgroup
sample was stored in sealed cellophane bags in a cold room at 4°C awaiting analysis as a
fresh sample. Four samples in each package were then randomly selected and
conditioned at either ambient condition (control), 25°C/60%RH and 35°C/RH 75%.
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3.3 Packaging And Sampling of ASCF

About 200g of ASCF was randomly filled into K, KL and A. KL and A were sealed
using a heat sealing machine while the K was sealed using a sealing tape as shown in
Figures, 3.1. 12 packages including 4 K, 4 KL and 4 A packages were randomly selected
and stored in each of the storage environments, ambient condition (between 23-
25°C/60%RH) (control), 25°C/60%RH and 35°C/RH 75%. The conditions for 25°C/RH
60% were achieved using saturated sodium bromide solution and 35°C/RH 75% using
saturated sodium chloride solution. The conditions were selected to represent conditions
usually encountered at retail shops and warehouses that is 25 °C at a humidity of 60 %
in Nairobi and 35 °C at a humidity of 75 % in the Coast (Kuong et al., 2016).
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Figure 3.1: Flow diagram of the methods used in determining the effect of

packaging and storage conditions on ASCF

The sample in the sealed cellophane stored in a cold room at 4°C was used for trials to

establish the baseline and also confirm the suitability of the selected analytical methods.
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To obtain samples for the assessment of different parameters at every sampling stage
(after 45 days storage), each of the different types of packages from the two different
storage environments were taken, thoroughly mixed, and divided into two portions for
the different quality stability analysis; chemical quality stability (PV and p-AV), and
microbial stability (TVC and yeast and moulds). Every experiment was carried out on
thoroughly mixed sample to ensure homogeneity and were done in triplicate. Moisture
adsorption isotherms were also determined gravimetrically at the beginning of the

experiment.

3.4 Proximate Analyses

3.4.1 Determination of Moisture Content

Moisture content was determined by oven drying according to the Association of
Official Analytical Chemist (AOAC, 2012).The moisture dishes were washed and
placed in an oven drier at 105°C for one hour. They were then placed in a desiccator to
cool and the initial weight of the dishes recorded (W3). Three grams of the sample was
weighed into the moisture dish and weight recorded (W5). The dishes were then placed
in an oven drier for 3 hours when the weight was monitored through weighing until it
was constant. After drying the moisture dishes with dried samples were removed from
the oven drier, cooled in a desiccator and the final weight recorded (W3). The moisture

contents of the samples were calculated as shown below;

Moisture content (%) = W) %100 cve e eee oo 3.1
(Wp—Wy,

Where;
W3= Weight of dried sample and moisture dish

W,=Weight of the fresh sample and moisture dish
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W;=Weight of empty dish
3.4.2 Determination of Protein Content

Protein content was determined using Kjeldahl method; 1g of the sample was weighed
into a digestion flask together with a catalyst composed of 5 g of K,SOy4, 0.5 g of CuSQO,
and 15ml of concentrated H,SO,4, The mixture was heated in a fume hood till the digest
color turned blue signifying the end of the digestion process. The digest was cooled,
transferred into a 100 ml volumetric flask and topped up to the mark with distilled water.
A blank digestion with the catalysts and acid was also made. The digest containing
ammonium sulphate and carbon dioxide was diluted with 40 mL distilled water before
neutralizing with 35% sodium hydroxide through a distillation unit for 4 minutes. The
digest was distilled into boric acid solution containing methyl red and bromocrescyl
green indicator (Merck, South Africa). Lastly, the greenish boric acid solution was
titrated against 0.02 N HCI until a stable light pink colour was observed signifying the
endpoint. Protein content was calculated from % nitrogen (N) using a conversion factor
6.25 (N x 6.25) methods 920.152 AOAC (2006) as follows:

100 100

Nitrogen % = (V; — V,)X N X FX 0.014 X (7XT

Where; V1= Titre for the sample (mL); V, =Titre for the blank (mL)
N=Normality of standard HCL solution

F= Factor of standard HCL solution

V= Volume of diluted digest taken for distillation (10ml)

S= Weight of the sample taken (g)
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Protein content was calculated from % nitrogen (N) using a conversion factor 6.25 (N x
6.25) methods 920.152 AOAC (2006) as follows:

Protein % = Nitrogen x Protein factor ............... 3.3
3.4.3 Determination of Crude Fat

Fat content was determined by the soxhlet extraction method (AOAC, 2006) using
petroleum ether as the extraction solvent. Five grams of samples were weighed into
extraction thimbles and the initial weights of the extraction flask taken. Fat extraction
was done for 16 hours and pre-weighed extraction flasks were weighed again after

extraction and evaporation of petroleum ether.

Calculations were done using the formula below;

(W, — W)
Crude fat (%) = W X 100 .o coe et e e e e e 3.4
0

Where;

W= Weight of sample before extraction
W;=Weight of the flask with the extract
W,=Weight of the empty flask before extraction
3.4.4 Determination of Ash

Ash contents were determined according to the Association of Official Analytical
Chemist (AOAC,2012) methods, 923.03. Crucibles were dried for 2 hours at 100°C in
an oven then put in a desiccator to cool. Their weight was taken and recorded after
cooling (W,). The muffle furnace was programmed to 550°C. About 2 grams of the

sample was weighed (W,) in the cooled crucibles and first charred by flame to eliminate
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organic material before being incinerated. After the furnace reached the set temperature
of 550°C the charred samples were put in the furnace for incineration to the point of
white ash. The furnace was allowed to cool below 200°C when the samples were
transferred to a desiccator with stoppered lid. This was allowed to cool to room
temperature then weight was taken (W).

Ash determination was done as shown below;

W, —-W
Crude ash (%) = <%) X100 ..o i i i eee e v, 3.5
b (g)

3.4.5 Determination of Crude Fiber

The crude fiber was determined according to AOAC, (2006) method. Two grams of
sample was weighed into a 500 ml conical flask. Then 200 ml of boiling 1.25% H,SO,4
was added and boiling done for 30 minutes under a reflux condenser. Filtration was done
under a slight vacuum with Pyrex glass filter and the residue washed with boiling water
to completely remove the acid. Then 200 ml of boiling 1.25% NaOH was added to the
washed residue and boiling done under reflux for another 30 minutes. Filtration was
done using the same glass filter previously used with the acid. The residue was rinsed
with boiling water followed by 1% HCL and again washed with boiling water to rinse
acid from the residue. The residue was washed twice with alcohol and thrice with ether.
It was then dried in an oven at 105°C in a porcelain dish with a constant weight (W;).
Incineration was done in a muffle furnace at 550°C for 3 hours. The dish was then

cooled in a desiccator and the final weight (Wi;) taken.
Determination of crude fibre was done as shown below:

Wi_W;;

Crude fibre (%) = ( ) X100 .o e 2 3.6

Where;
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W= Weight of acid and alkali digested sample

W,= Weight of incinerated sample after acid and alkali digestion

W= Weight Of Sample

3.4.6 Percentage Carbohydrates

Percentage carbohydrate content was calculated by difference as shown below:
%Carbohydrate = 100 — %(protein + fat + Moisture + ASh ... ... .. . ceecee . 3.7
3.4.7 Energy Determination

This was done using a bomb calorimeter model (Jessup,1960). Two ml distilled water
was measured and poured into a bomb cylinder. 0.5 g of the sample was weighed and
placed in a crucible suspended into the bomb heater. 5.5 cm nichrome wire and 10cm
thread were measured and cut then fitted on either side of bomb head into the crucible
ensuring that the wire did not touch the crucible. The bomb heater was placed into bomb
head cylinder and closed tightly. The bomb was connected to oxygen supply purge and
set at 30-atmosphere pressure. Using adjustable spanner, the nut was opened to release
pressure. The bomb was put inside the colorimeter basket by attaching the lifting handle
to the screw cap and lowering the bomb with its feet spanning the cylinder bass at the
bottom of the basket. Then the thermometer and agitator were inserted and the stirrer
started. The temperature change was recorded and calorific value determined. One
calorie equals 4.1868 absolute Joules and is roughly equivalent to the heat energy

required to raise the temperature of 1g of water one degree Celsius at 15°C.
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3.5 Determination of quality stability of ASCF Packaged in Different Packaging

Material and Stored in differnt Storage Conditions

Oxidation of fat in ASCF was analyzed by determining PV and p-AV while microbial
stability was done by analyzing for TVC and Yeast and Molds from day zero as the
baseline then analysis of the stored samples was done at 45 days storage interval until
the 180™ day.

3.5.1 Peroxide Value Analysis

This was determined through iodometric titration according to standard methods for the
oils analysis AOCS (1998), and the results were expressed in meq O/kg oil. 2 grams of
ASCF oil samples were weighed into 250 ml stoppered conical flask. 30 ml of acetic
acid chloroform solvent mixture (3:2) was added in each and swirled to dissolve. Then
0.5 ml saturated potassium iodide solution was added with a mohr pipette and left to
stand for 1minute in the dark with occasional shaking then added about 30ml of distilled
water. This was titrated with 0.01 N sodium thiosulphate solution, with vigorous shaking
until yellow color was almost gone. 0.5 ml starch solution was added as an indicator and
titration was continued until the blue color disappeared indicating the endpoint.

Calculation of the peroxide value was done as below:

__ TitrexNx100
w

PV . 3.8

Where W is the weight of the sample, Titre = ml of Sodium Thiosulphate used N =
Normality of sodium thiosulphate solution.

3.5.2 P-Anisidine Value Analysis

The p-anisidine value (p-AV) a measure of carbonyl content in the oils or fats was

determined by the standard method according to America Oil Chemists’ Society

(AOCS) (1998). It is based on the reactiveness of the aldehyde carbonyl bond on the p-
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anisidine amine group, leading to the formation of a Schiff base that absorbs at 350 nm
wavelength. Approximately 2 g of ASCF oil samples were dissolved in 25 mL isooctane
and absorbance of this oil solution measured at 350 nm against a blank of isooctane.
Then 5 ml of these solutions and 5 ml of isooctane each were transferred to tubes. Each
was added a 1ml anisidine solution (0.25% g/v glacial acetic acid). This was kept in the
dark for 10 minutes, then absorbance (A;) was measured at 350 nm against isooctane
containing p-anisidine. p-AV was calculated according to the formula below:
1.2x4, — A,

P AV = 25— 39

Where p-AV is the anisidine value, W is weight of the oil sample (g), A; is absorbance
of the sample containing anisidine solution and A;is absorbance of sample solution

without the anisidine solution.

3.5.3 Enumeration of Total Viable Counts

TVC growth was done by spread plate technique using Plate Count Agar (PCA), as per
American Public Health Association (1992). Physiological solution containing 9 g of
NaCl in 1000 mL distilled water was used for serial dilutions. Then 5g of ASCF flour
was aseptically taken and homogenized in 45 ml of previously sterilized physiological
solution. From homogenized flour solution, 1 ml was taken and transferred into 9 ml
physiological solution and dilution was done to fivefold. 0.1ml of the dilutions were then
plated out in triplicate on already solidified agar. It was then spread over the agar plate
using a sterile glass spreader. Plates were placed in an inverted position to avoid water
condensing into the medium. The PCA plates were incubated at 37 °C for 48 hours.
After the incubation period the observed colonies were counted.
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3.5.4 Enumeration of Yeasts and Molds

The determination of yeasts and molds was done by spread plate technique using Potato
Dextrose Agar (PDA). Physiological solution (PS) containing 9 g of NaCl in 1000 mL
distilled water was used for the serial dilutions. Then 5 g of ASCF flour was aseptically
taken and homogenized in 45 mL of previously sterilized physiological solution. From
homogenized flour solution, 1 mL was taken and transferred into 9 mL PS and dilution
done to fivefold. 0.1ml of the dilutions were then plated out in triplicate on already
solidified PDA agar. It was then spread over the agar plate using a sterile glass spreader.
Plates were placed in an inverted position to avoid water condensing into the medium.
The PDA plates were incubated at 25 °C for 5 days. After the incubation period the

observed colonies were counted (AMPH, 1992).
3.7 Moisture Adsorption Behaviour.

The moisture adsorption behaviour of ASCF was determined using standard gravimetric

method as described by Bell (2002). Nine reagent grades saturated salt solutions ind,

range of 0.11-0.97 were used to create an atmosphere knownad,, at temperature studied

as recommended by Greenspan, 1977 (Table 3.1). Each salt was placed in a separate

airtight desiccator with a lid and the respective a, labelled. About 0.5 grams of ASCF

was weighed in pre-weighed aluminium dishes with open top. These were first dried in
an oven at 105°C for 24 hours and weight of the dried sample taken (w). Three of the

weighed samples were put inside separate vacuum desiccators in which saturated salt

solutions were placed to maintain respectived, . Saturation of each salt solution was

ensured by maintaining undissolved crystals in the solution. The desiccators were then
placed in an incubator maintained at either 25°C, 30°C or 35°C. Equilibrium was
monitored by weighing the samples at intervals of 24 hours until the weight of three

consecutive readings showed a change of 0.001g or less (w,).
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Table 3.1: The water activity of saturated salts at specified temperature

dy, at Set Temperature

Materials/Salts 25°C 30°C 35°C
Lithium Chloride (LiCl) 0.11 0.11 0.11
Potassium Acetate (CH3CO2K) 0.23 0.22 0.22
Magnesium Chloride (MgCl,) 0.33 0.32 0.32
Potassium Carbonate (K.CO3) 0.43 0.43 0.43
Magnesium Nitrate (Mg(NO3),) 0.53 0.51 0.50
Potassium lodide (K1) 0.69 0.68 0.67
Sodium Chloride (NaCl) 0.75 0.75 0.75
Potassium Chloride (KCI) 0.84 0.84 0.83
Potassium Sulphate (K,SQOy) 0.97 0.97 0.97

Source; (Greenspan 1977, 91-94)

Mathematical Modelling and Analysis of Sorption Isotherm Data

The obtained experimental data corresponding to thed, at the temperature studied was

fitted to six mathematical models namely; Brunauer-Emmet-Teller (BET), Guggenheim-
Anderson-de Boer (GAB), Oswin, Smith, Kuhn, and Caurie models. Mathematical
expressions, equations 3.10-3.15 of these models are presented in Table 3.2 Model
equation coefficients were obtained by linear and nonlinear regression statistical analysis
using Solver add-in of Microsoft Excel 2013 spreadsheet software.

Table 3.2: Mathematical models that were used to fit experimental data

Model Mathematical expression a, Equation

applicability
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range

Brunauer-Emmet-Teller M, xC, xa,

(BET) (Brunauer et “ (-a, )1+(C, -1)a,)
al.,.1938).

Guggenheim-Anderson-de M, xC, xK, xa,

M
Boer (GAB) (Anderson, * (1— Kgawxl+(Cg—l)Kgaw)
1946).

Oswin (Oswin, 1946). a B
M., = A{ ’ }
1-a,

Smith (Smith, 1947). M, = A+ BIn(l—aW)
Kuhn (Kuhn, 1967).

( ) Meq = A +B

In a,
Caurie (Caurie, 1978). 1 1 /1 — ay\®C/Mo)
Meq C.M, ( ay )

<0.43

<0.95

<0.98

>0.6

<0.75

<0.98

3.10

3.11

3.12

3.13

3.14

3.15

Meq: Equilibrium moisture content (g/100g), M. monolayer moisture content of BET,

GAB and Caurie model, Cy, C4, Ky, A, B, C. are model constants.

The quality of the fitting for each proposed model was evaluated through the correlation

coefficient (R%) and the root mean square error (RMSE).
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— 2_
n (Mobs(i) - Mest)/
=1 Mobs(i)

RMSE (%) = 100X N e e . 3016

Where Mgps and Mg are the equilibrium moisture contents determined experimentally
and predicted, respectively, from the models at aw ¢ and N is the number of

experimental data.

The Clausius-Clapeyron equation was used to estimate the net isosteric heat of sorption
by plotting In (d, ) versus the inverse of absolute temperature (1/T) at constant moisture

as shown below:

In (aw) =— (q;t//TR> K e 3,17

Where gy is the net isosteric heat of sorption in J mol™, T is the absolute temperature in

K, R is the universal gas constant (8.314J/mol /K) andd, is water activity which is

dimensionless.
3.8 Water Vapor Permeability of the Packaging Materials

Water vapor permeability of the packaging material was determined using gravimetric
method (Gaikwad, 2015). Pouches of the three types of packaging material namely kraft
(K), kraft with polythene lining (KL) and aluminium pouch (A) were used in the
experiment. The area, thickness, and weight of empty pouches were measured. Then
some of the pouches were filled with desiccants and others left empty, they were all
sealed and weight taken. Both pouches with and without desiccants were put in a
conditioned chamber of either 25°C and 75%RH or 35°C and 75% RH in triplicate and
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weight changes were taken at an interval of two days until the weight stabilized. The
collected data was used to determine the water vapour transmission rate (WVTR) by

applying the equation below (ASTM International, 2013).

WVTR = oo oo e 3,18
tA

Where G is the weight change (g), t is time (days) and A is the area of the packaging

material for mass transfer (m?).

Permeability of each packaging material was determined from WVTR and film

thickness (T) using the equation below.

_ (WVTR)T

P = PRI ..3.19

Where P, is the packaging permeability (g H.O pm /m* /day /mmHg), WVTR is the
water vapor transmission rate of the package (g m™day), T is the thickness of the
material (um), P is the water vapour pressure at storage temperature (mmHg), and RH is

the relative humidity.
Shelf Life Estimation

Heiss Eichner model Heiss and Eichner, (1971), was used to predict the shelf life of
ASCF in relation to possible packaging and storage conditions. Kraft paper (K), Kraft
paper with polythene lining (KL) and aluminium pouch (A) are common packaging
materials for complementary flour in Kenya hence were used in this study. Temperature
range between 25-35°C was considered as representing ambient conditions in Kenya
while 75 % relative humidity was used as the highest relative humidity in high
temperature areas like coast of Kenya. Based on the model, shelf life is estimated by

applying the equation below:
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In

Where s; is the estimated shelf life, X, is the equilibrium moisture content (g/g d.b) of
the unpacked product left in contact with the atmosphere (influenced by temperature,

relative humidity, and product adsorption isotherm); X, moisture content of the product

corresponding to the safe storaged, (g/g d.b)( @, of 0.7 is generally used for most food

products); P. is the permeability constant of the package to moisture vapour (kg H,O
um/m?/day/mmHg); P, is vapour pressure at storage temperature (mmHg); A is the
surface area of the package (m?); W is the weight of the product (dry matter) in the
package (kg); and S is slope of the product isotherm (between X, and X; which is

assumed to be linear).
3.9 Statistical analyses

All the data was subjected to analysis of variance using Stata SE version 12 (StataCorp
LP, Texas, USA). Furthermore due to the inherent limitations of ANOVA in describing
differences in progression of variables over time, the analysis of covariance (ANCOVA)
which combines features of both ANOVA and regression was also applied to test effects
of storage duration, storage environment type of package and the interaction effects.
When the coefficient of the interaction term was significant (P<0.05), it was concluded
that there was a significant difference between treatments over the storage period. Means

were separated using Boniferroni adjustment at 95% confidence level
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1 Proximate Composition of ASCF

The proximate composition of ASCF is shown in Table 4.1.The energy content was
5.1kcal per gram on dry weight basis. This is comparable to 5.2 kcal/g that was reported
by Okoth et al., (2017) of a similar product at 90:10 amaranth to sorghum grain
formulation. The product has higher energy in comparison with those complementary
foods used by World Food Program to rehabilitate children with moderate malnutrition
whose energy ranges between 3.7 and 3.8 kcal/g (Okoth et al., 2017). Its protein content
was 17.2 @/100g giving 15% protein energy contribution. This is within the
recommended limit of 14% by East African Community standard on processed cereal-
based foods for infants and children (EAS 72:2013). It was also higher than the
minimum requirement of 6.9% protein energy contribution recommended by World

Health Organization/ Food and Agriculture Organization (Okoth et al., 2017).

Table 4.1: Proximate composition of ASCF (g/100g dwb)

Parameter (%) Quantity
Protein 17.240.1
Fat 8.8+0.1
Crude Fibre 2.5+0.1
Ash 2.5+0.0
Carbohydrate 69.1+0.1
Energy (kcal per g) 5.1+0.2

Means + standard deviation of the triplicate sample.
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The product’s fat content was 8.8% supplying energy content of 18.8% of total energy
out of which 7.4% was from essential fatty acids. This meets the requirements for
processed cereal-based foods for infants and young children of 8.5% minimum fat by
mass according to East African Standards (EAS 72:2013). This, therefore, confirms that
the product is a good source of protein and energy as reported by Okoth et al. (2017).

The crude fiber was 2.5 g/100g on dry weight basis thus within the maximum limit of 5
0/100g according to Kenyan standards on complementary foods (KS 2515:2013).
Insoluble fibers increase bulk and decrease gastrointestinal transit hence their amount is
recommended to be low in the diet (Okoth et al., 2017; Michaelsen et al.,2009). The
product’s total iron was 14.9 mg/g which was above the minimum recommended
composition requirement of 9.3 mg/100g on complementary food (Koletzko et al.,
2005).

According to Okoth et al. (2017) a total of 60.1% of ASCF fat content was unsaturated
(linoleic acid 231 mg/100g dwb, oleic 176.8 mg dwb/100g and linoleic 10.2 mg/100g
dwb) making it susceptible to fat oxidation during storage. The moisture content of the
flour was 3.6 % making the product prone to moisture absorption from the storage
environment. Low moisture food are prone to absorbing water from the environment.
This can be attributed to varying partial vapor pressure difference resulting in
concentration gradient between the storage environments and the packaged product

causing migration of water until an equilibrium is achieved (Siracusa, 2012).

4.2 Effect of Packaging Material and Storage Condition on the Moisture Content of
ASCF

The moisture content of ASCF increased with increase in storage period irrespective of
the packaging materials (Figure 4.1). The likely reason for the increase in moisture
content of ASCF during storage is due to the ingress of water vapor through the

packaging material and initial low moisture content in ASCF rendering the samples to
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absorb moisture. Muzaffar and Kumar (2016) reported increase in moisture content of
packaged tamarind pulp powder with storage. The increase in moisture content with

storage varied with storage conditions whereby high storage humidity and temperature
resulted in high moisture content.

mA(A) B A(25°C/60%RH) B A(35°C/75%RH) m KL(A) B KL(25°C/60%RH)
m KL(35°C/75%RH) m K (A) B K(25°C/60%RH) W K(35°C/75%RH)

12

10

Moisture content (%)

0 45 90 135 180
Time (days)

Figure 4.1: Change in moisture content of ASCF at different storage conditions and
packaging material

Key: A (A), A (25°C/ 60%RH), A (35°C/75%RH) stands for Aluminium pouch stored
at ambient, 25°C/60% RH, and 35°C/75% RH respectively, KL(A), KL(25°C/60%RH),
KL(35°C/75% RH) stands for Kraft with polythene lining at ambient, 25°C/60%RH, and
35°C/35%RH respectively, while K(A), K(25°C/60%RH), K(35°C/75%RH) stands for
Kraft paper at ambient, 25°C/60%RH, and 35°C/75%RH respectively.

Moisture increased by 8.4%, 4.5% and 3.8% in samples stored at 35°C and 75% RH,
4.5%, 2.9% and 1.5% in samples stored at 25°C and 60% RH and 3.6%, 1.8% and 0.6%

in samples stored at ambient condition and packaged in K, KL and A respectively after
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a storage period of 180 days. Uchechukwu-Agua (2015), reported moisture increase in
cassava flour with storage time under high relative humidity storage condition. The
findings are comparable with a study that was carried out on 3 powders which included
wheat flour, tea powder and whey permeate where moisture increased significantly as
the storage relative humidity increased (Igbal and Fitzpatrick, 2006).This can be
attributed to varying partial vapor pressure difference resulting in concentration gradient
between the storage environments and the packaged product hence causing migration of
water until an equilibrium is achieved (Siracusa, 2012). There was also variation in
moisture content among the packaging materials. Samples of ASCF packaged in K
increased in moisture content by 99.7% at ambient condition, 123.6 % at 25°C; 60% RH
and 226.9 % at 35°C; 75% RH after 180 days storage. Samples packaged in A had the
least moisture content increase with its highest increasing by 3.8%. The variation in
moisture content of these products could be directly related to the water vapour
permeability of the packaging materials. Packaging materials differ in degree of
permeation to small molecules like water vapor, and gases (Muzaffar and Kumar,
2016).The transfer of the small molecules through the package, therefore, ranges from
high to low depending on the barrier properties of the material (Siracusa, 2012). Similar
variation with packaging has been reported in previous studies done on tamarind pulp
powder, cassava flour and wheat flour ( Muzaffar and Kumar, 2016; Uchechukwu-Agua,
2015; Butt et al.,, 2004)

High storage humidity results in high moisture content, which favors enzymatic
hydrolysis of the fat and microbial growth in food products (Mridula et al., 2010). Butt
et al., (2004) also reported that the moisture content was affected significantly by
storage, treatments, packaging and their interaction. Moisture migration can be stopped
by either reducing the environmental storage humidity or using moisture-barrier
packaging material for storage of products in the environment of fluctuating atmospheric
conditions (Hotchkiss, 1997). This was after a storage period of 180" day during the
fourth sampling stage.
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Figure 4.9: Caked sample of ASCF packaged in kraft paper, stored at 35°C and
75%RH

Storage of powder products in environments with high relative humidity increases
absorption of water vapour from the environment resulting in increase in moisture
content. It is reported that increase in moisture content of powder products during
storage, increases the cohesiveness of the powder leading to decrease in flowability
(Muzaffar and Kumar, 2016; Janjatovi¢ et al.,2012). An increase in cohesiveness of
powder particles results in formation of lumps in the product. Igbal and Fitzpatrick
(2006), reported formation of a hard cake on tea powder stored under high relative
humidity conditions.

A study that was done on shelf life of a savoury powder used as a topping on food
known as “ koya” reported that the powder had an initial moisture content of 4.31% but
its critical moisture content based on caking score of 3 was 7.6% (Anandito et al.,2017).
This is an indication that increase in moisture of powder products may result in caking.
Caking in flour products causes them to adhere to the surface of the package (Igbal and
Fitzpatrick, 2006). It is a major problem for dry powdered product manufacturers. It is
said to affect solubility of the product and accelerates chemical reactions like enzymatic

activities and lipid oxidation (Chung et al., 2000). It is also said to cause loss of
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crispness and flavor, enhance organoleptic quality deterioration hence decreasing

product shelf life and quality.

Caking of powdered products to majority of consumers is an indication of poor quality
(Hartmann and Palzer, 2011). It is normally as a result of water absorption or
redistribution in the powdered product during processing and storage(Chung et al.,
2000). Water mobilizes the powder surface making them sticky resulting in inter-particle
binding and formation of clusters hence caking. Temperature also influences caking and
the magnitude of its effect is strongly dependent on moisture (Saltmarch and Labuza
1980).

Caking is aggravated by moisture which acts as a plasticizer and lowers the glass
transition temperature (Hartmann and Palzer, 2011; Aguilera et al., 1995). The
formation of inter-particle bridges process is a function of viscosity, which dramatically
changes around glass transition temperature (Tg). Below Tg, the product is considered to
be in glassy state, characterized by very high viscosity and very low mobility. Therefore,
the plasticizers take long to mobilize the particles lengthening the contact time between
particles. This protects the product from caking in the course of its shelf lifetime (Chung
et al., 2000). If the storage temperature of the product is above its Tg, polymer
segmental viscosity decreases drastically while the mobility increases, therefore,
reducing the contact time which supports sticking and caking (Zafar et al., 2017). High
humidity also leads to decrease in polymer segmental viscosity and reduces the Tg
therefore favoring caking. This explains why caking was observed in the sample that
was stored at high temperature and relative humidity. The high temperature decreased
the viscosity of the particles as it increased its mobility which was favored by high
storage humidity. K also favored the process due to its poor barrier properties to water

vapor resulting into high permeability and therefore caking.
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4.3 Effect of Storage Condition and Type of Package on the PV and p-AV of ASCF

In the present study, PV) and p-AV were used to monitor the ASCF oil quality at
different storage condition and different packaging material. Changes in PV of stored
ASCEF are shown in Figure 4.3. Results show that oil of ASCF before storage had a PV
of 0.487 meq O,/kg. It is an indication that some primary oxidation had taken place
before storage of ASCF. This may have been due to heat processing during drying and
extrusion and/or exposure of the grains to oxygen when drying (Kaleem et al., 2015).
Variation in initial PV may be due to difference in grain processing and also the oil
extraction process. Fresh coconut oil was found to have PV between 0.24-0.49
O.meqg/kg (Moigradean et al., 2012). Similarly, ASCF contained approximately 7.8%
fat. According to Okoth et al., (2017), 70.4% of the fat in ASCF is unsaturated, therefore
susceptible to oxidative deterioration during storage depending on the surrounding

conditions.

As shown in Figure 4.3, PV of ASCF samples continually increased during the entire
storage period regardless of the packaging and storage condition. PV is a measure of
primary oxidation in oils and increases with an increase in peroxides (Kaleem et al.,
2015).
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Figure 4.10: Change in peroxide value (PV) of ASCF with storage time under

different storage conditions and packaging material

Key: KAKLA, AAK25KL25,A25,K35,KL35,A35 is Kraft paper, kraft paper with
polythene lining and aluminium pouch at ambient condition, 25°C and 35°C

respectively.

Lipid oxidation rates are directly related to temperature (Flick et al., 1992). In this study,
PV increase in samples stored at 35°C at different storage periods was in the range of;
22.9-35.4% at 45 days, 75-93.6% at 90 days, 181.3-333.3% at 135 days and 293.6-
379.2% at 180 days. Increase in PV in samples stored at 25°C was in the range of; 10.4-
27.1% at 45 days, 70.8-87.5% at 90 days, 116.7-300% at 135 days and 260.4-341.7% at
180 days. Increase in PV in samples stored at ambient condition was in the range of;

10.4-33.3% at 45 days, 58.3-77% at 90 days, 112.5-293.8% at 135 days and 220.8-
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320.8% at 180 days. At all the different sampling stages in the three storage
environments, the level of PV based on packaging material was in the order K> KL>A.

Packaging materials differ in permeability to environmental factors that may affect the

rate of fat oxidation.. @, influences the rate of oxidation whereby from 0.3-0.84,, the

rate of oxidation increases due to dissociation of catalysts as well as the mobility of
oxygen and metal ions hence increasing the rate of oxidation of lipids (Bell, 2002). K
had higher permeability rate followed by KL while A had the least. Analysis of variance
showed that the interaction between the effect of package and storage condition on the
PV was not significant (P=0.9902). However the storage period had a significant effect
on PV (P=0.000) whereby PV was seen to increase significantly with increase in storage

period regardless of the storage condition and package used.

Autoxidation of fat takes place at the double bonds of unsaturated fatty acids. Heat, light
or high energy radiation or metal ions act as catalysts in initiating autoxidation process
through free radical route (Flick et al., 1992). In addition the packaging materials barrier
properties may be affected by environmental factors like temperature and relative
humidity. As a result, the transfer of gases like oxygen ranges from high to low hence
affecting the product at varying levels (Siracusa, 2012). This, therefore, explains the
difference in peroxide value at different storage conditions and packaging material.

Although there was continuous increase in PV with storage time of ASCF, results
revealed that the product had good oxidation stability. This is because 2.3meq O,/kg was
the highest PV obtained after 180 days storage. A product with PV below 5 meq O,/kg is
classified at low oxidation state; that between 5 and 10 meq O,/kg at moderate oxidation
and above 10 meq O/kg is classified at high oxidation state. The PV limit of refined oil
according to East African Standard is 10 meq O,/kg ( EAS 795: 2013). Codex gives a
general PV limit of 15 meq Oy/kg for virgin oils (Codex, 2001). Therefore at 180 days
storage even at 35°C, ASCF can be classified at low oxidation state as its PV was not

above the limit. Amaranth seed oil was considered to be very stable even without
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addition of antioxidants according to a study that was carried out on the oxidation
stability of amaranth oil (Santiago et al., 2012). Gamel et al., (2007), found that

amaranth oil had good oxidation stability better than sunflower oil.

p-AV represents secondary oxidation product contents that are able to react with p-
anisidine reagents such as o and [ alkenals. The p-AV was not detected in fresh flour
and subsequent samples after storage. This is an indication that secondary oxidation did
not take place or the levels were below detection limit during processing and after the
180 days storage period. According to Guilenn (2002), the onset of secondary oxidation
product formation from the primary oxidation products differs with the type of oil (Choe
and Min, 2005, Guillen and Cabo, 2002). In some oils, secondary oxidation products
start almost simultaneously with hydroperoxide generation while in others, degradation
of hydroperoxides begins when its concentration is appreciable (Guillen and Cabo,
2002). In reference to a study that was done on oxidation stability of edible oils,
safflower and sunflower oils secondary oxidation products formed after the
hydroperoxide concentration was substantial (>50 meq O,/kg) while in olive and
rapeseed oils it was immediate after hydroperoxides formation (Guillen and Cabo,
2002). This, therefore, explains why there were no secondary oxidation products
detected in ASCF after six months storage. The concentration of the primary oxidation
products may not have been substantial enough to cause secondary oxidation products
formation. In addition, amaranth seed contains significant amount of antioxidant
compounds, Barton et al.,.(2011), with squalene ranging between 5%-7% in amaranth
oil (Santiago et al., 2012).

Squalene was reported to act as a peroxyl radical scavenger in temperature-dependent
autoxidation by Amarowicz, (2009), with antioxidant activity of 0.74 mmol Trolox
equivalents/g (Tikekar et al., 2008). The rate constant of quenching singlet oxygen by
squalene was reported to equal that of butylated hydroxytoluene (Amarowicz, 2009). At
a molar ratio of 1:7 polyunsaturated fatty acid, squalene inhibited oxidation of

docosahexaenoic arachidonic and linolenic acid by 50% while that of linoleic was 22%.
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It was also found to significantly reduce the lipid peroxidation levels in heart tissue of
rats after being administered with polyunsaturated fatty acids concentrate. Squalene was
also reported to be stable with storage and technological processes (Tikekar et al.,2008).
Besides squalene, amaranth extracts were found to have substantial antioxidant activity.
The presence of these natural antioxidants in amaranth flour may have contributed to its

shelf life stability in terms of fat oxidation.

According to Kenya Bureau Standards (KEBS) on formulated complementary foods for
older infants and young children should be free from rancid or musty odor or flavor
(KEBS, 2013). The rancid flavor may be due to secondary oxidation products that were
not detected in ASCF product over the storage period of 180 days. Egan (1981) reported
that acidity and a rancid taste often started to be noticeable in foods when peroxide
values were between 20 to 40 meqOy/kg. In this study, the highest was 2.3meq O2/kg.
To predict the shelf life of the flour, 10 meqO,/kg was taken as a quality reference
estimation of a maximum acceptable PV. This limit was established using the East
African Community Standard 795: 2013 (2013), applicable for refined oils.

Results showed that ASCF packaged in kraft paper and stored at 35 °C could last for 860
days; at 25 °C, 980 days, and at ambient condition, 1102 days. Samples packaged in
kraft paper with polyethylene lining could store for 1010 days at 35°C, 1237 days at
25°C and 1329 days at ambient condition. Those packaged in aluminium pouch could
last for 1225 days at 35°C, 1259 days at 25°C and 1663 days at ambient condition. In
terms of fat oxidation, it can be concluded that ASCF is shelf life stable considering that

it can store for 860 days having been stored at 35°C and packaged in kraft paper.

4.4 Effect of Storage Condition and Type of Package on the Microbial Stability of
ASCF

The effect of storage temperature and relative humidity, packaging, and duration on the

microbial stability of ASCF were monitored for 180 days. The evaluation was conducted
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after every 45 days storage starting at day O as the baseline. Samples were stored at
ambient conditions, 25°C, 60%RH and 35°C, 75%RH and packaged in K, KL, and A.
The total viable count for ASCF at the beginning of the experiment was found to be 3.81
log colony-forming unit (cfu)/gram (g). This was within the acceptable limit of cereal-
based infant foods requiring further cooking where acceptable limit is 5.0 log cfu/g
(Mossel and Van, 1991).

Yeast and molds were not detected in ASCF before storage and during the entire storage
period of the samples. Bacteria presence even after processing can be attributed to
contamination during processing, handling, packaging, and storage (Braide et al., 2011,
Mujuru et al., 2014; Opara, 2013). The process of extrusion employs high heat, high
pressure, and mechanical shear simultaneously and is reported to reduce microbial levels
substantially. The process of extrusion was reported to reduce the aerobic mesophilic
bacteria in a range of 2.2 to 4.1 log cfu/g when semolina was being processed to
spaghetti while yeast and mold reduction ranged from 0.1-1.7 log cfu/g (Sabillén,2014,
Manthy, 2004). Generally, post-process contamination is responsible for heat-processed
product spoilage.

Although heat applied during drying and extrusion destroys microbes, heat processed
products may be subjected to recontamination from the air, equipment surfaces, and
handling during packaging operations (Sabillon, 2014). The presence of 3.8 log cfu/g
aerobic mesophilic microorganisms in ASCF after extrusion and milling may have been
due to contamination by milling equipment and handlers as the process was not done
aseptically. Variation in the total viable count of ASCF with storage is as shown in
Figure 4.5;
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Figure 4.4: Change in total viable count in ASCF with storage time

Key: A (A), A (25°C), A (35°C) stands for Aluminium pouch stored at ambient, 25°C,
and 35°C respectively, KL(A), KL(25°C), KL(35°C) stands for Kraft with polythene
lining at ambient, 25°C, and 35°C respectively, while K(A), K(25°C), K(35°C) stands
for Kraft paper at ambient, 25°C, and 35°C respectively.

The total aerobic mesophilic microorganisms increased slowly in all the packages
throughout the storage period. This was with exception of samples packaged in K and
stored at high temperature and relative humidity (35°C; 75%) where the increase of total
aerobic mesophilic microorganisms was more rapid. ASCF is nutrient-rich and can
provide an environment that is suitable for the growth and multiplication of diverse
microorganisms. Microbial growth increased from 3.8 log cfu/g in ASCF before storge
to 4.06 log cfu/g after storing for 180 days which was still within the acceptable limit of
5 log cfu/g.

Growth rates of most microorganisms are directly proportional to temperature and

moisture and increase as temperature and moisture increase (Mossel and Van, 1991). In
62



addition, packaging materials have been reported to influence shelf-life stability of
products due to their difference in permeability (Hotchkiss, 1997). Uchechukwu-Agua
(2015), reported increase in total microbial growth with an increase in moisture content
in cassava flour. Samples packaged in K recorded higher moisture content in comparison
to the other packaging materials which translates to higher water activity hence higher

microbial growth.

Though thermal treatment simultaneously reduces microbial population it is reported to
have minimal impact on mycotoxin level if it was initially present in the raw material.
Therefore, for safety to be ensured, microbial load and mycotoxins should be reduced to
the minimum in cereal-based products. This can be achieved by preventing microbial
establishment and growth within the mill and whole production chain through proper
sanitation of production equipment, proper temperature control during heat treatment,
raw material testing and resulting products, and hygienic packaging and shipment
procedures (Sabillon, 2014).

Microbial spoilage in dried cereal products is influenced by water activity. Low water
activity in these products (<0.6) prevents the growth of bacteria, molds, and yeast hence
the reason why shelf life can be long in comparison with other food products.
Insignificant microbial growth in ASCF during storage may be attributed to low water
activity in the product. It can, therefore, be considered shelf-life stable if stored in
airtight packages. Proper storage conditions and packaging are key for maintaining low
levels of water activity in dry products to prevent microbial spoilage. Aluminium pouch,
in this case, offered better shelf-life stability than the other materials based on water
vapour permeability through the package into the product which directly relates to

microbial stability.
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4.5 Water Adsorption Properties and Shelf Life Estimation of ASCF

4.5.1 Sorption Isotherm

The time required for the samples to equilibrate in terms of weight varied with
temperature and water activity. It took samples 7 to 28 days for them to equilibrate
which was through adsorption of moisture since the initial samples were fully dried.
Experimental sorption isotherm of ASCF at 25°C, 30°C and 35°C is shown in Figure
4.6.
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Figure 4.11: Moisture adsorption isotherm of ASCF at 25°C, 30°C and 35°C

The moisture sorption isotherm obtained exhibited sigmoidal shape for all the
temperatures corresponding to the type II sorption isotherm based on Brunauer’s
classification ( Lemus 2011). This is due to differential water attachment in the product

known as monolayer-multilayer sorption mechanism (Brunauer et al., 1940). It was
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observed that the Meq of ASCF increased with d, at constant temperature. This is due

to hygroscopic nature of ASCF (Balderrama and Cadima, 2014; Malliaris, 2013;
Timmermann et al., 2001). The sorption isotherm also revealed that equilibrium

moisture content increased linearly at low and intermediate d,, , while there was a sharp

increase at high @, a region known as capillary condensation. This trend has been

observed in many food stuffs as reported in literature (Al-Muhtaseb et al., 2002;
Sandoval et al.,2009).

The trend in Figure 4.6, shows that increase in temperature led to a decrease in Meq at

d, approximately <0.6. This is due to decrease in hygroscopic nature of food with

increase in temperature (Muzaffar and Kumar, 2016; Al-Muhtaseb et al., 2002). It is
attributed to higher energy levels and lower stability of water molecules with increase in
temperature causing separation of water molecules from their binding sites within the
food matrix (Timmermann et al., 2001). Some water molecules are activated to higher
energy levels that cause them to break from their sorption sites at high temperatures,
leading to a decrease in the Meq (Balderrama and Cadima, 2014, Timmermann et al.,
2001). Temperature effect on sorption isotherm is important since it influences mobility
of water molecules and the dynamic equilibrium between the vapour and adsorbed phase
(Balderrama and Cadima, 2014; Sandova et al., 2011).

There was a crossover of the ASCF sorption isotherm with increase in temperature at
approximately 0.64d, .The cross over behaviour can be attributed to endothermic
dissolution of sugars at elevatedd, where they dissolve in water. ASCF has simple
sugars as follows; 14.89/100g glucose, 9.39 g/100g fructose and 12.3g/100g sucrose

(Okoth et al., 2017). These soluble components absorb more water at high d, and this

is enhanced by temperature (Sandoval et al., 2009). Another factor that causes cross over
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is greater exposure of active sites or hydrophilic groups at highd, as temperature

increases (Sandoval et al., 2009) Presence of low molecular weight food constituents
like sugars and salts have been reported to cause deviation of the sorption isotherm
behaviour (Al-Muhtaseb et al., 2002). Their solubility in water makes them more

hygroscopic with increase in temperature hence the deviation of the trend with the

temperature at highd, (Al-Muhtaseb et al.,2002). Similar effects of temperature on the

isotherm characteristics have been observed in sugars, sugar alcohol, dried fruits, at a

between 0.55-0.7 (Malliaris, 2013; Djendoubi et al., 2012).

This phenomenon of decreasing Meq with increase in temperature at lowd,, is because

at low d, values the sorption of water is mainly due to the biopolymers, with an increase
of temperature having the normal effect of lowering the isotherm (Malliaris, 2013).
However, asd, increases beyond the intermediate region, the sugars and other low

molecular weight constituents start to sorb water offsetting the effect of temperature
resulting in deviation of the isotherm. The point of crossover is dependent on the

composition of the food and the solubility of the sugar.
4.5.2 Fitting of Sorption Models

Sorption experimental data obtained for the three temperatures studied were fitted to six
models namely BET, GAB, Oswin, Caurie, Smith and Kuhn models over the
theoretically appropriate ranges at 25°C,30°C and 35°C refer to Figure 4.7 (A),(B) and

(©).

66



(A)25°C
—&— Exp @ BET n
40

’ 0 0.4 0.6 0.8 .
Water activity (a,,)

A JEB ) 3 0 O&B Oswin

30 % Khun @  Caurie —+— Smith

Medq (g/100g)

N
o

=
o

Meq(g/100g)

0/3‘{‘”—— N

0 02 Wl activit)fa,) OB )
o
—&— Exp @ BET -

40
@
820
i
S~
oo
Z 0

0 0.2 0.4 08 )

waér activit) fa,)

Figure 4.6: BET, GAB, Oswin, Kuhn, Caurie and Smith model fits to experimental
data at 25°C (A), 30°C (B) and 35°C (C)

The fitting was done by applying the appropriate equations for each model. The
predicted data fitted well in most of the models as shown in Tables 4.2. Only, Oswin

and Caurie models failed to fit the the experimental behaviour of the product as their %
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RMSE was >10%. Smith model gave the best-fit judging from percentage root mean
square error (% RMSE <4.2%) while BET gave the best fit based on correlation
coefficient (R?>0.99). Though Smith and BET model gave the best fit for experimental

data, they are limited in applicability. Smith's model can only be used ind, range
between >0.6 to < 0.95 and was developed to describe the final curved portion of water

sorption isotherm(Lemus, 2011). BET model is applicable ind, range between >0.05 to

< 0.45 and overestimates the sorption of d, above 0.45 hence its application is limited
to monolayer sorption only (Lemus, 2011). Kuhn model fitted data well with % RMSE <
7.6% and R?>0.9 but overestimated sorption at &, <0.2 and >0.75. Therefore, the model

that is suitable for a particular food product may not be suitable for another ( Al-
Muhtaseb et al., 2002).

Fitting the most suitable models helps describe the sorption behaviour of food hence the
state of water and its interaction with food components. This knowledge of sorption

isotherms in ASCF is key in predicting its shelf-life.
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Table 3.2: Model parameters and measure of fit at various temperatures

Model Parameters/measure of fit Temperature °C
25°C 30°C 35°C
GAB ™ (9/100g) 3.236 3.210 2.903
(<0.9) 4 73.486 84.189 186.094
=g 0.956 0.974 1.029
R? 0.977 0.978 0.9698
RMSE (%) 8.147 7.548 8.378
BET ™ L (9/200g) 3.146 3.0779 2.8752
(<0.43) c, 73.930 112.034 434.75
R?2 0.995 0.997 0.998
RMSE (%) 8.072 6.591 5.208
Oswin A 6.537 6.776 6.884
(<0.98) B 0.404 0.428 0.463
R?2 0.977 0.981 0.965
RMSE (%) 10.349 10.143 15.193
Caurie C. 0.721 0.682 0.615
(<0.98) M 2.394 2.526 2.731
R? 0.987 0.9741 0.962
RMSE (%) 8.2515 12.097 16.313
Smith A 4.552 2.603 1.888
(>0.6) B -5.419 -7.114 -8.608
R = 0.989 0.996 0.996
RMSE (%) 4192 3.222 3.753
Kuhnn A -2.968 -3.059 -3.211
(<0.75) B 1.616 1.638 1.509
R? 0.9063 0.9309 0.9188
RMSE (%) 5.0805 5.1221 7.5789
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Meq: Equilibrium moisture content (g.100g), M. monolayer moisture content of BET, GAB and Caurie model, Cp, Cg, Ky, A, B, C. are model constants. R 2 : Correlation

Coefficient; RMSE: root mean square error.

GAB model fitted the data adequately with %RMSE <8.4% and R*>0.96. Its simulation

fitted a wider range of d, up to 0. 9 compared to the other four models that could

adequately describe the experimental behaviour of the product. Based on literature, GAB
model is considered the most useful in characterizing isotherm in almost the entire range

of water activity
4.5.3 Properties of Sorbed Water

The BET and GAB models were rated superior as they have a viable theoretical
background and the magnitudes of their parameters have physical meaning (Timmerman
et al., 2001; Rao et al., 2006). They are also the most widely used in food systems
(Lemus, 2011). The BET and GAB model gave an estimation of monolayer moisture
content. In the temperature range of 25-35°C, the water content associated with the
monolayer of ASCF varied from 3.23 to 2.90g water /100g dry solids when the GAB
model was considered and from 3.15 to 2.67 g water/100g dry solids by BET model.
The monolayer water content was seen to be inversely related to temperature
irrespective of the equation used in their determination as expected (Table 4.2).
According to literature, this has been attributed to the reduced number of active sites and
to the increased vapour pressure inside the food at elevated temperatures, which makes
water available for reactions (Baptestini et al., 2017). From the study, monolayer
moisture contents calculated using the GAB equation were higher than those calculated
using the BET equation, which agrees with results observed in various studies by

different authors (Brett et al., 2009). The difference in monolayer moisture content on

the two models may be due to differences in @, range coverage as BET model is only
applicable ind, range between >0.05 to < 0.45 while the GAB model fits a wider range

of d, upto 0. 9 (Kamau et al., 2018). GAB model is an improvement of the BET model
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and covers a wider range of d,, and is reported to always give higher monolayer value in

comparison with BET model (Timmermann et al., 2001).

Monolayer water content is water that is strongly bound whereby water molecules have
occupied all the ionic and polar groups of the adsorbent (Muzaffar and Kumar, 2016,
Valdez-Niebla et al.,1993). It is considered the moisture content for maximum stability
of food material as it does not participate in the reactions (Igbabul et al., 2013, ). Since
the monolayer moisture is strongly bound, product with moisture content lower than the
monolayer moisture content are expected to have higher stability based on chemical
reactions that depend on solvation (Rao et al., 2006). However lipid oxidation which
leads to rancidity may be enhanced by the low moisture content.

The C, and Cg constants from BET and GAB equations are associated with the net

enthalpies of the sorption of the monolayer. They relate to the differences of chemical
potentials between monolayer and the upper layers and determines the binding energy of
water molecules to the primary binding sites on the product's surface (Muzaffar and
Kumar, 2016). The higher the C values the stronger the bond between water molecules

in the monolayer and binding site on the sorbent’s surface (Baptestini,et al.,
2017,Valdez-Niebla et al., 1993) In both models the binding energyC, and Cg were

seen to increase with temperature hence the values were highest at 35°C. This may be
due to superficial hardening that occurs when the speed of surface evaporation exceeds
the speed of moisture diffusion inside the product (Baptestini et al., 2017, Potter and

Hotchkiss, 1995), which results in alteration of the physical structure of the product,
blocking their pores. Constant kg from GAB model relates to multilayer sorption

enthalpy (Mutungi et al., 2011). As its value approaches 1, the characteristics of the

water molecules become closer to that of pure water (Quirijins et al., 2005, Malliaris,

2013). kgwas seen to have a direct relationship with the temperature. The estimated
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coefficients and enthalpies associated with the GAB and BET model for ASCF are
presented in Table 4.2.

Adsorption process releases heat, and the measure of the amount of released energy is
isosteric heat of sorption. The variation of isosteric heat of sorption with equilibrium
moisture content is shown in Figure 4.8. Net isosteric heat of sorption with moisture
content was determined for data below the crossover point (>8.6g water /100g dry solid)
where trend with temperature was as expected. As shown in Figure 4.8, the net isosteric
heat of sorption varied from 16.1 to 2.6 kJ mol™ in a moisture content range of 2 to 8 g
water/100 g dry solid.
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Figure 4.12: Relationship between Isosteric Heat of Sorption and Equilibrium
Moisture Content of ASCF

The net isosteric heat of sorption of ASCF decreased rapidly below 4 g water/100 g dry
solid (d.s.) as adsorption of water increased. The high energy value at low moisture
content indicates high water binding energy of the first layer representative of the
monolayer sorption. Above 4 g water/100 g dry solid moisture content, however, there
was a change of trend where the net isosteric heat of sorption decreased at a decreasing
rate. This is because as the active sites become occupied, sorption occurred on the sites
with lower affinity hence the decrease in binding energy. The decline in isosteric heat
with increase in moisture content also indicates weakening of interactions between water

and solids leading to free water as it approaches zero ( Toujani et al. 2011).
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4.6 Water Vapour Permeability of the Packaging Material

There was an increase in weight in all the packaging materials with desiccants indicating
that there was migration of water vapour from the environment into the package. The
weight increase with time was linear in all the packaging (Figure 4.9). The rate of
increase was highest in Kraft paper followed by kraft paper with polyethylene lining
while aluminium pouch had the least. Water vapour transmission rate was obtained by
applying equation 10 while package permeability was determined by applying equation
3.19. At 25°C and 35°C, WVTR for K was 0.0023 and 0.0027g/ day / m?, 0.0016 and
0.0019 g day/ m?/for KL and 0.0003 and0.00087 g /day/ m?for A.
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Figure 4.8: Increase in weight of packaged desiccant (g) with time (day)

Key: Kraft paper (K), Kraft paper with polypropylene lining (KL) and aluminium pouch
(A) containing desiccants under constant temperature (25°C and 35 °C) and relative
humidity (75% ). Solid lines represent the best-fit equation for weight gain (g) versus

time (d) by linear regression.

Weight was seen to increase with temperature in all the packaging and was in the order
of K> KL >A. Gaikwad (2015), reported that temperature had an effect on molecules of
the polymeric of packaging material causing more spaces to be generated hence
increasing the permeation. Siracusa (2012), indicated that an increase in temperature at
50°C and 60°C increased permeability due to enhanced mobility of the polymer
segments and increased energy level of the permeates. Increase in temperature had a
greater effect on WVTR of A which increased by 220.5% from 25°C to 35°C, while KL
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increased by 23.3% while K increased by 16.7%. The WVTR of packaging varies with
packaging material, between film samples from the same and even manufacturers
(Yaptenco, 2017). WVTR is key in food packaging as it is the standard measurement for
determining the ability of packaging material to resist transmission of moisture
(Gaikwad, 2015). Proper packaging should ensure that the attributes of the products are
maintained. Improper packaging may result in products rapidly gaining or losing
moisture until equilibration with the environmental relative humidity making crispy

products to be soggy, and tender products hard and dry (Cooksey, 2004).
4.7 Shelf Life Prediction

Storage conditions influence the shelf-life stability of products especially high ambient
temperature and relative humidity is a challenge for storage of dried products. Based on
Heiss Eichner model, Heiss Eichner (1971) shelf life of ASCF packaged in K, KL, and
A (thickness; 110, 80, 110pm respectively and 0.054 m? surface area each) was
determined by applying equation 3.20 and the results are as shown in Figure 4.10.
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Figure 4.13: Estimated shelf life of ASCF packaged in K, KL and A stored at 25°C
and 35°C and 75% RH

A 75% relative humidity (d, 0.75) was used as the ambient storage relative humidity,

representing the highest ambient air humidity that may be experienced at high
temperatures in Kenya like coast. GAB model was used to determine the critical storage
moisture content (Xc) of ASCF which was 0.075g water/g dry solids corresponding to

the safe borderline a, of 0.6 where microbiological stability is ensured. The model was

used to predict the shelf life of ASCF in relation to possible packaging and storage
conditions. As expected, the product shelf-life decreased with an increase in initial
storage moisture content and storage temperature in all the packaging (Figure 4.10).
Storage conditions influence the shelf-life stability of products especially high ambient
temperature and relative humidity is a challenge for storage of dried products (Anandito
et al., 2017). Other researchers have also used the model in predicting various packaged
product shelf life (Cooksey, 2004).
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Storing at higher temperature was predicted to reduce shelf life due to increase
transmission rate of water vapour. Irrespective of the temperature, A was predicted to
give a longer shelf life due to its low vapour transmission rate. However, since A
showed more sensitivity to temperature changes than K and KL, shelf life reduction was
higher for A (65.2%) followed by KL (9.5%) while K was (4.1%) at 35°C storage
compared to 25°C storage. A shelf life of 1991days is possible for ASCF with initial
moisture content of 3.69/100g, stored at 25° C and packaged with A. This estimation of

the shelf life focused on the permeability of the package to water vapour.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

a)

b)

d)

Storage of ASCF at 35°C/75%RH gave the highest microbial count of 4.06 log
cfu/g, highest increase in moisture content of 11.99% and highest PV of 2.3 meq
O , /kg a sign of shorter shelf life in comparison with the other two storage
conditions.

Aluminium package samples had the highest quality stability evidenced by low
microbial count, low moisture content and low PV. It is the best packaging for
longer shelf life of ASCF in comparison with the other two packaging materials
tested.

The moisture adsorption isotherm of ASCF was sigmoidal an indication of

monolayer multilayer mechanism.7.5% moisture content was established as the

critical moisture content of ASCF corresponding to the safe borderline @, of 0.6.

The product can keep for 1991 days at 25°C with product initial moisture content

of 3.6 g/100 g and packaged in 110 um thick aluminium pouch.

5.2 Recommendations

5.2.1 Recommendation from This Study;

a)

b)

ASCF be packaged in A pouch and stored at normal room temperature
conditions.

Once opened at house hold level, ASCF should be stored in an airtight clean
container at room temperature to avoid moisture absorption and contamination

from the environment.
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¢) Concerned institutions should consider using ASCF to fight child under-

nutrition as it is shelf-life stable besides being nutritionally rich.

5.2.2 Recommendation for Future Study

e Future work regarding ASCF should aim at doing the cost analysis of the

packaging in relation to its effect on shelf life to harmonise its cost of production.
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APPENDICES

Appendix I: Calculation of Isosteric Heat Of Sorption for ASCF

35¢ e Quadratic for determining isosteric heat o Plus subtract

c a b + + Aw Aw

MC% 186.094aw _191.46Aw2 |_555.89Aw |_b b Squared|4ac b2-4ac SQRT plus subtract |2a plus subtract
2 372.188 -382.92 -183.702| 183.702| 33746.42| -3063.36| 36809.785| 191.859| 375.561| -191.86| -765.84| -0.4904| 0.25052
3 558.282 -574.38 2.392| -2.392| 5.721664| -6892.56| 6898.2817| 83.0559| 80.6639| -83.056| -1148.8| -0.0702| 0.0723
4 744.376 -765.84 188.486( -188.49| 35526.97| -12253.4| 47780.412| 218.587| 30.1013| -218.59| -1531.7| -0.0197| 0.14271
5 930.47 -957.3 374.58| -374.58| 140310.2| -19146| 159456.18 399.32| 24.7396| -399.32| -1914.6| -0.0129| 0.20857
6 1116.564 -1148.76 560.674| -560.67| 314355.3| -27570.2| 341925.57| 584.744 24.07| -584.74| -2297.5| -0.0105| 0.25451
7 1302.658 -1340.22 746.768| -746.77| 557662.4| -37526.2| 595188.61| 771.485| 24.7167| -771.48| -2680.4| -0.0092| 0.28782
8 1488.752 -1531.68 932.862| -932.86| 870231.5| -49013.8| 919245.27| 958.773| 25.9108| -958.77| -3063.4| -0.0085| 0.31298
10 1860.94 -1914.6 1305.05( -1305.1| 1703156| -76584| 1779739.5| 1334.07| 29.0188| -1334.1| -3829.2| -0.0076| 0.34839
14 2605.316 -2680.44 2049.426( -2049.4| 4200147| -150105| 4350251.6| 2085.73| 36.2997| -2085.7| -5360.9 -0.0068| 0.38906
18 3349.692 -3446.28 2793.802| -2793.8| 7805330| -248132| 8053461.8| 2837.86| 44.0602| -2837.9] -6892.6| -0.0064| 0.41173
20 3721.88 -3829.2 3165.99 -3166| 10023493| -306336| 10329829| 3214.01| 48.0151 -3214| -7658.4| -0.0063| 0.41967
24 4466.256 -4595.04 3910.366( -3910.4|15290962| -441124| 15732086| 3966.37| 56.0034| -3966.4| -9190.1| -0.0061| 0.43159
30 5582.82 -5743.8 5026.93| -5026.9]25270025| -689256| 25959281| 5095.03| 68.0951| -5095 -11488| -0.0059| 0.44352
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Appendix I1: Fitting of Experimental Moisture Adsorption Data on GAB Model

GAB Equilibrium moisture content prediction at 35°C

Salt Aw  Meq Aw Aw/Meg Mo*Cg*F (1-KgAw)(1+(Cg-1 GAB Mec RMSE GAB Equilibrium moisture content prediction at 25°C
0 0 0 0 0 1 0 Satt Aw  Meq Aw Aw/Meq Mo*Cg*k (1-KgAw)(1+(Cg-1 GAB Meq
011 289428 0.1 0.03801 57.8947 18.5707 3.11753 0.00595 0 0 0 0 0 1 0
022  3.76967 0.22 0.05836 115.789 31.6249 3.66134 0.00083 0.11 2.79307 0.11 0.03938 24.4445 758297 3.2236 0.02376
043 498043 043 0.08634 226.316 44.0049 5.14297 0.00107 0.23 3.8241 0.23 0.06014 51.1112 12.9692 3.94098 0.00093
0.5 5.65667 0.5 0.08839 263.158 44.4736 591717 0.00212 0.43 5.48667 0.43 0.07837 95.5557 17.7833 5.37334 0.00043
0.67  10.7904 0.67 0.06209 352.631 37.9973 9.28043 0.01958 0.53 6.31397 0.53 0.08394 117.778 18.239 6.45747 0.00052
083  17.8858 0.83 0.04641 436.842 22.0478 19.8134 0.01161 0.69 10.3581 0.69 0.06661 153.334 16.2623 9.42876 0.00805
0.97 318638 0.97 0.03044 510526 0.25352 2013.75 0.00686 0.84 15.2378 0.84 0.05513 186.667 11.3846 16.3964 0.00578
0.08282 0.97 23.34 0.97 0.04156 215.556 4.78964 45,0046 0.00658
0.11731 -2.04727 -0.0056 8.28244 %RMSE 0.08111
-0.0027 1.98871 -177.11 Mo= 2.88674 (monolayer moisture content) 8.11055
0.12 -1.02945 Kg=1.02945 (monolayer sorption energy constant) 0.0909 -1.8877 -0.0139 Mo0=3.22462 (monolayer moisture content)
833325 Cg=177.106 (multilayer sorption energy constant) -0.00527 1.97222 -72 Kg=0.95714 (monolayer sorption energy constal
2.88674 0.09617 -0.9571 €g=72.0003 (multilayer sorption energy constant
10.3982
3.22462
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Appendix I11: Water Vapour permeability of K,KL and A at 25C 75%RH and 25C
75%RH

Weight Increase of Dessicant Packaged in K KL andStored at 25C 75% RH
Package |[EMPTY |INITIAL [DAY1 |day2 |day3 |day4 |day7 |day8 |9days [10days [14th  [17th  [24th  [31DAY |32nd
K

1| 14.9756) 66.4647) 68.3479| 68.7418| 68.9466| 69.1842| 69.7208| 69.7128| 69.7309) 69.7558| 69.8431| 69.8985| 70.0598) 70.1348) 70.2759
2| 14.9834] 66.7319| 68.3355( 68.8209 69.0267| 69.1602] 69.433| 69.5878| 69.683) 69.765 69.9243 69.9753| 70.1013| 70.1518 70.1481
3| 15.0302| 66.1859| 67.9425| 68.298) 68.474| 68.6051] 68.8252| 69.0274| 69.12) 69.1596| 69.2578| 69.3019| 69.5159| 69.5158 69.504

KL

1| 7.7641] 57.8614| 57.9086] 57.971] 58.0384) 58.1774) 58.3842] 58.449| 58.5264| 58.6113| 58.8772| 59.0216| 59.4359 59.7334) 59.7824
2| 7.8299] 57.9186| 57.9674| 58.0297| 58.0848| 58.1289) 58.4565] 58.5256| 58.6018| 58.6774| 58.9383| 59.1026| 59.5506] 59.8864] 59.9237
3| 7.7427| 58.0151| 58.0796| 58.1437| 58.2307) 58.3087) 58.5914] 58.6742| 58.7584| 58.8362| 59.1104| 59.2638| 59.7383|  60.0643 60.1067

1| 7.5142) 58.6099] 58.625( 58.6315| 58.6448) 58.6542| 58.6956| 58.7085| 58.7252) 58.7371| 58.812| 58.8598| 58.9617) 59.0805| 59.0993
2| 74773 58.4063) 58.4164| 58.4268| 58.4356) 58.4498| 58.4868| 58.4966| 58.5079) 58.5178| 58.5664| 58.5933| 58.6646] 58.7428) 58.7527
3] 7.5711) 58.2415] 58.2544| 58.2643| 58.273] 58.287| 58.323| 58.3331 58.345) 58.355| 58.402| 58.4304| 58.5003) 58.5803| 58.5899
Weight Increase of Dessicant Packaged in K KL andStored at 25C 75% RH
EMPTY [INITIAL |DAY1 |day2 |day3 |day4 |day7 |day8 |9days |[10days [14th  [17th  [24th  [31DAY |32nd

1| 14.9905| 66.152| 67.7109| 68.1731| 67.6263 68.2069| 69.0508| 68.8784| 68.8516] 68.8934| 69.7497| 69.7543 69.5076
2| 14.9929| 66.444| 68.0592| 68.4527) 67.7983| 68.203| 69.1744| 69.0697| 69.2276] 69.2624| 69.9513| 70.1708) 69.7166
3| 15.0375] 66.285| 68.0976( 68.4235) 67.8061| 67.8488| 69.0295| 69.0559| 68.9521) 69.1259| 69.7306| 70.0989) 69.3899

KL

1] 7.8422| 58.3986] 58.669| 58.9146] 59.0192] 59.2386) 60.0074) 60.1518| 60.3158| 60.4592| 60.8715| 61.2344| 61.6633] 61.2663
2| 7.799] 57.8523|58.03210] 58.2725| 58.4055] 58.6032) 59.3347| 59.4452| 59.6062| 59.7502| 60.239| 60.5503] 61.001] 60.7319
3| 7.7766] 58.3419| 58.5163| 58.7653| 58.8732] 59.073) 59.782) 59.9477| 60.1135| 60.2775| 60.8652| 61.2022| 61.703] 613483
ALUMINIUM
1| 7.5484] 57.9545| 57.986] 58.0273) 58.0432| 58.0775| 58.2155| 58.2584| 58.3004 58.3422| 58.5335| 58.6651| 58.9542| 59.1273| 59.1439
2| 75629] 58.0815| 58.1087| 58.1476] 58.164| 58.1958| 58.3411| 58.3821| 58.426 58.4689| 58.6591| 58.8153| 59.1072| ~ 59.283| 59.2981
3| 7.4619] 58.0229| 58.0577| 58.101] 58.1196) 58.1578) 58.3134] 58.3547| 58.4033| 58.4519| 58.6594| 58.8006| 59.0981 59.2959) 59.3076
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