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INTRODUCTION

1.0. Introduction
1.1. Background of study
The current trend in soaring oil prices, global warming and environmental pollution
have encouraged major consumers world wide to sharply increase their use of “green” fuels.
The use of biofuels is increasing in many regions throughout the world. At present, a total of
approximately 30 billion litres of biofuels are used annually in Europe, North America and
South America.1.

This amount is expected to grow significantly as the demand for

sustainable transportation fuels increases. Irrespective of Nigeria‟s position as the sixth
largest petroleum exporter and a leading gas exporter, the nation suffers enormous energy
crisis manifesting in various forms. Thus, about 60 – 70% of Nigerians (presently more than
140 million) are excluded from the national electricity grid which is also plagued by frequent
power outages that lasts for as long as about 20 hours daily in places that are connected to the
grid2.

Since the energy crisis of the 1970‟s developing new energy sources from the

agricultural sector has been viewed as a way to expand the domestic energy supply and help
mitigate over dependence on imported oil in many developing and developed countries.
Biomass energy is primarily produced from wood (70%) followed by waste (20%) and
alcohol fuels (10%). While wood has provided most of the biomass energy over the years,
ethanol has been the fastest growing renewable energy source over the past ten years.3
The production of energy from biomass involves a range of technologies that include
solid combustion, gasification and fermentation. These technologies produce liquid and gas
fuels from a diverse of biological resources – traditional crops (sugarcane, maize, oilseeds),
crop residues and wastes maize stover, wheat straw, rice hulls, cotton wastes), energy –
dedicated crops (grasses and trees) and the organic component of urban waste. The outcomes
are bioenergy products that provide multiple energy services such as cooking fuels, heat,
electricity and transportation fuels. It is this very diversity that provides potential for a winwin development path for the environmental, social and economic development and energy
security4.
Although Nigeria‟s natural resource wealth (including renewable energy potentials)
has been well documented and acknowledged, the contribution of renewable energy sources
to the total national energy supply and demand is currently very low or negligible5. The use
of fossil fuels by a large proportion of the population for public automobile transport,
domestic cooking, lighting etc. also aggravates the existing ecological degradation. The rural
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populace relies heavily on biomass as a source of energy. However, traditional bioenergy
which is derived mainly from the combustion of wood and agricultural residues has severe
negative impacts which include severe health consequences on the women and children who
are the prime users of this product. Combustion of wood in confined spaces produce indoor
pollution of green house gases (CO and CO2) which cause respiratory illness and premature
deaths. The use of this type of biomass also increases pressure on local natural resources as
communities must satisfy increasing demand for energy services.
Biofuels are fuels produced from biomass for either transportation or combustion
purposes. They include biodiesel (from plant oils and animal oils), bioethanol (from plant
sugar sources) and biogas (from organic waste materials. They also have the potential to
deliver a number of benefits including reduction in green house gas emissions, improved air
quality and increased energy.
There is a clear link between access to energy services, poverty alleviation and hence
development.

A key motivation in the development of biofuels is the possibility of

diversifying energy resources and displacing large oil import bills with spending on locally
produced biofuels which will generate increased employment opportunities and output5.
Bioenergy could also make multiple contributions to the fight to eradicate poverty and
enhance economic activity.

1.2

Statement of problem
Since the late 1970‟s, bioethanol production from renewable resources has grown into

a huge industry and provides several billion gallons of ethanol for formulated gasoline in
Canada, Brazil, the United States and some other countries6. The annual production of
ethanol in the United States was 3.4 billion gallons in 2004 and is expected to reach 5.5
billion gallons by year 2005. About 30% of the gasoline in the United States currently is
blended with ethanol and the percentage is growing7. This makes the fuel ethanol industry
the fastest growing energy industry in the world. Rural areas in Nigeria are endowed with
forest produce; cassava, sugar cane, rice, maize, crop residue, jatropha seeds, animal wastes
amongst others. In 2005, research revealed that bioenergy reserves/potentials of Nigeria
stood at; fuel wood (13,071, 464 hectares), animal wastes (61 million tonnes per year), crop
residue (8.3 million tones)8. According to Ololade 9, the country is poised for the production
of biofuel given its cassava, sugar cane, rice, maize and sorghum out put. Moreso, cassava
production has witnessed a phenomenal increase from 35.98 million metric tones in 1999 to
about 44.693 million tones in 20049.

Similarly, maize production increased from 6.52
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millions metric tones in 1999 to 7.908 million metric tones in 200410. More than 80 percent
of these produce are from rural areas. Table 1 shows the output of ethanol crops in Nigeria
from 1999 – 2004 in million metric tones (M/MT).
Table 1: Output of ethanol crops in Nigeria from 1999 – 2004
Crops

1999M/MT

2000M/MT

2001M/MT

2002M/MT

2003M/MT

2004M/MT

Maize

6.52

6.491

6.592

6.698

7.185

7.908

Millet

6.39

6.74

7.088

7.231

7.741

8.211

Rice

3.52

3.84

3.984

4.083

4.364

4.605

Cassava

35.98

36.75

37.949

39.410

41.814

44.693

Yam

25.95

26.42

27.589

28.979

30.573

32.549

Potato

1.09

1.25

1.26

1.35

0.142

0.146

Source: Central Bank of Nigeria (CBN) Annual report (1999 – 2004) in S, M. Akpan11.

Since 1994, the Technical University of Denmark and RisØ Natural Laboratory have
been co-operating on a new technology for producing both bioethanol and biogas12. Such a
process would eliminate the disadvantages of conventional, separate bioethanol and biogas
plants. Conventional biogas plants use only 50% of their feedstock. The remainder consists
mainly of lignocellulosic materials, which make up a large proportion of animal manure.
These pass, almost unconverted through the biogas plant. Bioethanol plants on the other
hand are designed to work with starch or celluloses. Lignins and other components which
cannot be turned into fermentable saccharides are treated as effluents which itself require a
further cleanup process or at best burned as low-quality boiler fuel.

Co-production of

bioethanol and biogas would allow all the components of both plant biomass and animal
manure to be used.

The waste water from the ethanol plant containing lignin and its

oxidation products as well as by-products of fermentation act as secondary feed stock for the
biogas reactor, resulting in a reduced cost price for ethanol of approximately 35% due to
biogas production12.

1.3. Justification of study
Nigeria has a population of over 150 million persons, land area of 923,768Km2, arable
land constituting about 56% and vegetation ranging from Sahel Savanna in the extreme North
to Swamp forest in the coastal South2. Rising cost of fossil fuel-based petroleum products
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has made the product unaffordable to the rural dwellers that constitute about 70% of the
population. Most parts of Nigeria are suitable for biofuels crops cultivation and so the
country cannot afford to be left behind in the recent quest by even the highly industrialized
nations of the world (America, UK and Germany) for renewable sources of energy. A lot of
starch feedstock exist locally which would not necessarily compete with staple food,
however, some of them have not been exploited for bioethanol production. Seed companies
have made great effort to develop hybrids with higher starch content or higher extractable
starch content to increase ethanol yields. The study of the fermentability of locally available
feedstocks in normal ethanol production could provide more choices when availability of
materials is limited. Again, a look at literature shows that not much work has been carried out
on the selected feedstock in the area of bioethanol production and as such the study would
provide not only baseline data for literature but also accord industrialists a feedstock base to
make choices.

1.4.

Objectives of study
The objectives of the present study were to:

1.

analyze some parameters affecting hydrolysis of starch to sugars for bioethanol
production from four (4) local starch feedstock namely;

a)

acha (Digitaria exilis stapf)

b)

tigernut (Cyperus esculentus)

c)

amura (Tacca involucrata)

d)

fInger millet (Eleusine coracana)
The parameters to be analyzed include:

i)

the effect of slurry concentration (water volume/mass of starch) on the gelatinization
process of each starch feedstock in terms of gelatinization time and temperature.

ii)

the effect of enzyme concentration on the reducing sugar quantity of the starch feed
stocks for each slurry concentration (water volume).

iii)

the effect of saccharification reaction time on the reducing sugar quantity of each
starch feed stock for each slurry concentration.

2.

determine the optimum levels of these parameters

3.

determine the optimum combination of parameters for each feedstock

4.

determine the feedstock with the best combination of parameters

5.

produce bioethanol from the optimum yield parameters for each feedstock and
determine ethanol yields
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6.

produce and analyze biogas from the wastes derived from the processes above in
other to study the behavioural pattern of the wastes.

7.

determine the biogas production capability of the wastes alone and in combination
with some animal and plant wastes.
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CHAPTER 2
LITERATURE REVIEW

Biofuels can be defined as fuels produced from biomass for either transportation or
combustion purposes. They can be produced from agricultural and forest products and the
biodegradable organic portion of industrial and municipal wastes.

They are renewable

energy resources, unlike other natural resources such as petroleum, coal and nuclear fuels.
Biofuels can also be defined as any fuel with 80% minimum content by volume of materials
derived from living organisms harvested within the ten years preceeding its manufacture13.
Biofuel‟s include biodiesel (from plant and animal oils), bioethanol (from plant sugar
sources) and biogas (from the biodegradable portion of organic waste materials).

2.1

BIOETHANOL
Bioethanol is usually obtained from the conversion of carbon-based feedstock.

Ethanol is a colourless, volatile, flammable liquid that is an intoxicating agent in liquors. It is
also used as a solvent called ethyl alcohol and has the chemical formula C2H5OH. Bioethanol
from biomass sources is the principal fuel used as a petrol substitute for road transport
vehicles. The high price of crude oil makes bioethanol fuel attractive14. Bioethanol is mainly
produced by the sugar fermentation process although it can also be manufactured by the
chemical process of reacting ethylene with steam.

C2H6 + H2O

H2SO4

C2H5OH

500 – 600oC
80 – 1000 atm
Glucose (a simple sugar) is created in plants by the process of photosynthesis.
6CO2 + 6H2O + light

C6H12O6 + 6O2

During ethanol fermentation, glucose is decomposed into ethanol and carbon dioxide.
C6H12O6

2C2H5OH + 2CO2 + heat

During combustion, ethanol reacts with oxygen to produce carbon dioxide, water and heat;
C2H5OH + 3O2

2CO2 + 3H2O + heat

After doubling the combustion reaction because two molecules of ethanol are
produced for each glucose molecule, and adding all three reactions together, there are equal
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numbers of each type of molecule on each side of the equation, and the net reaction for the
overall production and consumption of ethanol is simply put as;

Light

heat

The heat of the combustion of ethanol is used to drive the piston in the engine by
expanding heated gases. It can thus be said that sunlight is used to run the engine and in this
instance any renewable energy source from sunlight is the only way energy enters the
planet15.

2.1.1

Bioethanol production processes
Fermentation is the slow decomposition by micro-organisms of large organic

molecules (such as starch) into smaller molecules such as ethanol. Ethanol fermentation can
be described as the biochemical process by which sugar such as glucose, fructose and sucrose
are converted into energy thereby producing ethanol and carbon dioxide as metabolic waste
products. Yeasts carry out ethanol fermentation on sugar in the absence of oxygen. Because
the process does not require oxygen, the fermentation is classified as anaerobic Bioethanol
can be manufactured from numerous sources. They can be produced from raw materials
containing fermentable sugars such as sucrose- rich feed stock namely juices, sugar cane and
beet etc. They can also be produced from some polysaccharides that can be hydrolyzed for
obtaining sugars that can be converted to ethanol16. Starch contained in grains is the major
polymer used for ethanol production. Starch is generally defined as a polymer consisting of
long chains of alpha-glucose molecules linked together (Fig. 1).

Fig 1: Structure of Starch17.
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The structure of starch tends to be amorphous and thus readily hydrolyzed to the
simpler glucose, disaccharide and maltose. Starch has been known to mankind for several
thousand years. The Romans called it amylum, a word derived from the Greek amylon. It
was first separated from wheat flour and other cereals known to the ancient world. History
affirms that the ancients used starch as stiffening agent and adhesives as early as 3500BC.
Strips of Egyptian papyrus cemented together with starch adhesives have been notably dated
to the late Neolithic period.18.

The use of starch was in the course of the years of

development and discoveries extended to paper manufacture. Towards the end of the 14th
century and early periods of 700 to 1,300AD, heavily coated starch paper was in use and the
application was subsequently extended to textile. The extensive use of starch was also
recorded in the Middle Ages and by 1744, the English were using it in sizing and warp
glazing19.
The increased demand for starch soon brought the introduction of potato starch to
supplement the wheat starch solely available up to that time. In 1811, the discoveries of
Kirchoff with respect to glucose and thinning of starches by enzymatic action gave great
impetus to starch manufacture through the increased fields of application which they created.
The use of roasted starch did not begin until 1821, its usefulness being discovered as a result
of a textile fire outbreaks at Dublin, Ireland. It had however, been prepared as early as 1804.
It is difficult to ascertain precisely when sugar was first known to mankind, however,
it is generally agreed that it occurred in India many centuries dated back before Christ.
Records are found of crude methods for purifying sugar that were brought from the East to
Europe about 1400. The sugar trade between Asia and Europe was one of the most important
commercial items in those early centuries. It was during this period that cane plantations
were established in Northern Africa and in the West Indies. However, it is now generally
believed that sugar was first extracted in North America in 1689 using cane from the West
Indies, while at about the year 1751, cane was grown almost on the whole continent20.
The first preparation of dextrose in 1811 led to the development of the corn-sugar
industry in the United States of America. The first manufacturing began in 1872, the product
being liquid glucose. It was not until 1918 however, that appreciable quantities of pure,
crystalline dextrose were produced. At the beginning of the twentieth century, the Bergius
Commercial process for the production of sugar by saccharification or hydrolysis of cellulose
and wood received its first industrial trial.
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2.1.2

Process Technology
Ethanol is produced from corn and other starchy sources by either the wet milling or

dry milling process. The dry milling also is referred to as the dry-grind process. The key
steps of these processes are shown in Fig. 2.

Dry Milling
Corn

Wet Milling
Corn

Milling

Steeping

Degerm/defibre

Corn oil

Corn gluten meal
Enzymes

Liquefaction

Gluten separators
Drying
Enzymes

Enzymes
Yeast

Saccharification
and
fermentation
(SSF)

CO2

Corn gluten feed

Liquefaction
Enzymes

Saccharification
CS
HFCS

Yeast
Distillation

CO2

Drying
DDGS

Dehydration

Fermentation

Ethanol

Distillation

Dehydration

Ethanol

Fig. 2: Comparison of Hey steps of the wet and dry milling process21.

Wet milling process
Wet milling was developed more than 150 years ago for corn starch processing22.
The first step in this process involves soaking of corn grains, which have been cleaned to
remove foreign matters such as dirt and chaff in water containing 0.1 to 0.2% SO2 at 52oC for
24 to 40 h. Steeping softens the kernel and breaks the disulfide bonds in the protein matrix of
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the endosperm to release starch granules. Soluble nutrients also are released into the steep
water, which normally is referred to as light steep water (LSW). The softened grains then are
ground gently to break up the kernels. The less dense germs are recovered in a hydroclone
system. The recovered germs receive further processing to remove loose starch and gluten
and excess water. They are then dried and cooled for storage. Oil can be extracted from the
germs on-site. After germ separation, the slurry goes through an intense grinding which
further losens the starch and gluten from the remaining fibre. The slurry is screened to
remove the fibre, which then is washed and pressed to about 60% moisture. The LSW from
the steeping step is concentrated in evaporators to produce heavy steep water (HSW). This
nutrient rich concentrated product is typically dried together with the fibre to be sold as corn
gluten feed (CGF) to the livestock industry. The CGF contains about 21% protein. The
starch is washed and processed through a series of up to 14 hydroclones to remove impurities.
The final product which is 99.5% pure starch is then used for fermentation in dedicated plants
or processed further to produce modified starch, corn syrups (CS) and high fructose corn
syrups (HFCS) in integrated plants. All fermentation processes used in wet milling plants
today are continuous23.

Dry milling process
Because wet milling plants are complex and capital intensive, most new and smaller
ethanol plants use the dry milling process. The process begins by adding process water to the
milled corn grains, adjusting the pH to about 6 and adding a thermostable α-amylase. The
next step is starch liquefaction. This step has been reviewed in detail by Lewis24.

An

indirect laboratory method to determine total ethanol production is to measure total carbon
dioxide production and calculate the corresponding ethanol production using the
stoichiometric equation shown below23.

3 Xylose + 3ADP + 3Pi

5C2H5OH + 5CO2 + 3ATP + 3H2O……….

2.1.3. Comparison between wet milling and dry milling methods
The difference between the two processes is that in the dry milling process, the whole
corn is ground and fed to the fermenter for fermentation, whereas in the wet milling process,
the corn components are fractionated first and then only the starch fraction is used in
fermentation. As a result, the wet milling process requires much higher capital investment
and ethanol plants using this process are much larger than those using the dry milling process.
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Both processes generate a number of ethanol related co-products. These co-products include
distillers dried grains with soluble (DDGS) and carbon dioxide in the dry milling process,
whereas corn oil, corn gluten meal, corn gluten feed and carbon dioxide are obtained in the
wet milling process. All these co-products are of relatively moderate values. However, the
wet milling plants can easily be modified to produce other products such as corn syrups and
high fructose corn syrups, which can be produced independent of ethanol production. These
independent co-products are not just economically beneficial but can also be strategically
important, especially during the times of reduced ethanol market demand23.

2.1.4. Bioethanol from sugar feedstock
Both raw juice and molasses from sugar cane and sugar beets can be used for ethanol
production. The compositions of selected sugar cane and sugar beet juice are shown in Table
2.
Table 2: Compositions of selected sugar cane and sugar beet juice
Concentration (g/100g)
Components
Sugar cane juice
Sugar beet juice
Solid
13.7
17.3
Sucrose
12
16.5
Raffinose
0.07
Monosaccharides
0.63
0.15
Polysaccharides
0.028
0.019
Lactate
0.016
Acetate
0.035
Sulphate
0.039
0.02
Phosphate
0.033
0.047
Nitrate
0.015
Nitrite
0.005
Aconrtate
0.09
K
0.11
0.125
Na
0.005
0.015
Cl
0.003
Ca
0.04
Mg
0.028
Total – N
0.105
Betaine – N
0.046
Amino acid – N
0.026
Ammonia – N
0.006
Amide - N
0.011
25
26
Source: Ogbonna et al., ; Polanco et al.,
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In countries like Brazil (who is the world leader in the production of ethanol using
sugar feedsstock), an ethanol plant is built next to a sugar mill or is part of the mill. The juice
is extracted from sugar cane by either squeezing (roll mills) or diffusion (diffuser). Part of
the juice is used for sugar manufacture while the remaining is used for ethanol production.
Molasses, which is a low-value by-product, is also used for ethanol production. The solid
residue from the extraction step, which is referred to as bagasse, is burned to generate energy
for use in the plant. Ethanol is normally obtained by fermentation of cane juice or a mixture
of cane molasses and juice. Before going to the fermenters, the sugar solution must undergo
purification and pasteurization. Purification normally involves treatment with lime, heating
and later decantation similar to the treatment use in sugar manufacture.

Pasteurization

involves heating and immediate cooling. The cooling typically includes two stages. In the
first stage, the hot sugar solution is passed through a heat exchanger in counter-current flow
to the cold solution. At the end of this stage, the hot solution is cooled to about 60oC. In the
second stage, the sugar solution is cooled further to 30oC using water as the cooling fluid.
The sugar concentration normally is adjusted to approximately 19o Brix23.

2.1.5. Bioethanol from Lignocellucosic Feedstocks
Lignocellucosic feedstocks consists of three main components namely cellulose,
hemicellulose and lignin.

Lignocellulosic materials are more complex than starch.

Generally, the percentage composition of lignocellulosic biomass is as follows: 40 – 60%
cellulose, 20 – 40% hemicellulose and 10 – 25% lignin depending on the biomass17.
Cellulose is also a polymer of glucose molecules although linked in a different way. Units of
C6H10O5 are connected by β – glycosidic links that form linear and very stable chains that
exhibit hydrogen bonding and when hydrolyzed, split into the disaccharide celleboise as
shown in Fig. 3.
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Lignocellulosic biomass are cheap renewable resources and available in large
quantity that can be used for the production of ethanol. They can be obtained at low cost
from a variety of resources such as wood, grass, bagasse, waste paper, municipal solid waste
and stalks of cereals27.

Technologies for conversion of these feedstocks to ethanol have

been developed on two plant forms which can be referred to as the sugar platform and the
synthesis gas (or syngas) platform. The basic steps of these platforms are shown in Fig. 4.

Lignocellulosic

Milling

Pretreatment

Hydrolysis
Sugar platform

Fermentation
Gasification

Fermentation

Ethanol
Ethanol

Syngas platform
Catalytic
conversion

Fig. 4: Basic concept of ethanol production from Lignocellulosic feedstocks.
Cellulosic materials are therefore, significantly more resistant to hydrolysis than
starchy materials.

Hemicellulose is a branched heteropolymer of not just glucose but

multiple five and six carbon sugars; D-xylose, L-arabinose and the hexose sugars; Dgalactose, D–glucose, D–mannose, L–rhamnose and L-fructose.

The structure of

hemicellulose varies with the particular biomass, but generally xylose constitutes a relatively
large percent of the composition. Lignin is not composed of sugars, but it is instead a
complex aromatic polymer. As such, lignin cannot be used to make ethanol. Hhowever, it
can be utilized as a fuel source28.
In the sugar platform, cellulose and hemicellulose are first converted to fermentable
sugars, which then are fermented to produce ethanol.

The fermentable sugars include

glucose, xylose, arabinose, galactose and mannose.

Hydrolysis of cellulose and

hemicellulose to generate these sugars can be carried out by using either acids or enzymes.
Pretreatments of the biomass are needed prior to hydrolysis. The main objectives of the
pretreatment process are to speed up the rates of hydrolysis and increase the yields of
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fermentable sugars. In all pretreatment processes, these goals are accomplished by modifying
the structure of the polymer matrix in the biomass thus making the carbohydrate fractions
more susceptible to acid attack or more accessible to enzyme action.

Biomass Pretreatment
Pretreatment affects the structure of the biomass by solubilizing hemicellulose,
reducing crystallinity and increasing the available surface area and pore volume of the
substrate. Pretreatment improves the digestibility and access for microbial and enzymatic
attack by removing the core and non-core lignin fractions. This results in the enlargement of
the inner surface area of the substrate particles due to the partial solubilization and
degradation of hemicellulose and lignin. This further leads to fractionation and opening of
the cellulose structure for enzymatic attack. A study carried out by Adsul et al.,25 showed
that high cellulose productivities can be achieved by the use of chemically pretreated biomass
as carbon source for specific micro-organisms. Again Lynd30 and Drapco et al.,23 reported
that an ideal biomass/lignocellulosic material should meet with some of the stated
requirements after chemical pretreatment: (a) high rates of hydrolysis and high yields of
fermentable sugars (b) no production of compounds that are inhibitory to micro-organisms
used in the subsequent fermentation step (c) recycle of chemicals to reduce operating costs
(d) be effective at low moisture content (e) Inexpensive materials of construction (f) Minimal
degradation of the carbohydrate fractions (g) minimal wastes (h) have high degree of
simplicity. An ideal pretreatment will also reduce the lignin content and crystallinity of the
cellulose and increase the surface area.
There is currently no single pretreatment process that meets all of the above
requirements. In selection of a pretreatment process, all of the above requirements should be
considered.

Concentrated H2SO4 hydrolysis
The use of concentrated acid, especially H2SO4 for cellulose hydrolysis has been
known for a long time. The process developed by Arkenol by far has the best chance of
reaching commercialization. In the Arkenol‟s process31, decrystallization of cellulose and
hemicellulose is carried out by adding 70 – 77% H2SO4 to a biomass that has been dried to
10% moisture. The acid is added to achieve a ratio of acid to total cellulose plus hemicellulose of 1.25:1 and the temperature is maintained at about 50oC. The concentrated acid
disrupts the hydrogen bonding between cellulose chains and converts it to an amorphous
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state, which is extremely susceptible to hydrolysis. Dilution of the acid to 20 – 30% will
cause hydrolysis of both cellulose and hemicellulose to monomeric sugars. The hydrolysate
is separated from the residual biomass by pressing. The partially hydrolyzed biomass then
undergoes a second hydrolysis, which uses conditions similar to the first one. This second
hydrolysis releases the rest of the sugars. The sugars are separated from the acid in a moving
bed chromatography column containing a cross-linked polystyrene cation exchange resin.
The product is a liquid containing at least 15% sugar and less than 3% acid. The sugar
solution is then neutralized and the acid from the ion-exchange column is reconcentrated in a
triple effect evaporator and recycled23.

Dilute H2SO4 hydrolysis
Dilute acids can also be used for pretreatment of lignocellulosic biomass. However,
dilute acids can only partially hydrolyze biomass to monomeric sugars. Following dilute acid
treatment, the enzyme cellulase is needed for hydrolysis of the remaining carbohydrates in
the treated biomass. H2SO4 is the acid that is most widely used. Dilute acid pretreatment can
be a simple single-stage process in which biomass is treated with dil. H2SO4 at suitable acid
concentrations and temperatures for a period of time. Nguyen et al.,32 gave the pretreatment
conditions for softwood to be 0.4% H2SO4 at 200 – 230oC and 1 – 15min. When Douglas fir
chips were treated under these conditions, 90 – 95% of the hemicellulose and 20% of the
cellulose were solubilized and 90% of the remaining cellulose was hydrolyzed to glucose by
cellulase.
The dilute acid hydrolysis process is effective in releasing fermentable sugars from
several types of biomass. However, it has a major drawback. In dilute acid treatment of
biomass, a number of degradation compounds are formed. These compounds, which include
furan derivatives such as furfural and 5-hydroxy-methylfurfural (5 – HMF); organic acids
such as acetic, formic and levulinic acid and phenolic compounds are inhibitory to ethanol –
producing organisms intended for conversion of biomass – derived sugars33.
There are other methods of chemical pretreatment of lignocellulosic materials for
bioethnol production and these include the following:

Steam explosion
In this pretreatment process, biomass is exposed to super heated steam in a reactor.
The high-pressure steam penetrates the biomass and initiates an auto hydrolysis reaction. The
organic acids, which are formed initially from the acetyl groups in the biomass, catalyze
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hydrolysis of most of the hemicellulose fraction to soluble sugars34. After a specific reaction
time, a ball valve is rapidly opened to discharge the biomass explosively into a collection
tank at a much lower pressure. Upon hydrolysis by cellulases, the biomass treated by steam
explosion process yields much higher fermentable sugars than the untreated material. Tucker
et al.,35 reported that higher pretreatment temperatures and shorter contact time results to
higher enzymatic cellulose digestibility. Again enzymatic hydrolysis of poplar chips treated
by the process of steam explosion achieves 90% of theoretical yield compared to 15%
obtained with untreated material36, Majanoff and Gray37 reported on optimization of steam
explosion as a method for increasing susceptibility of sugar cane bagasse to enzymatic
saccharification.

Ammonia treatment
Alkali such as NaOH, KOH and NH3 can be used for biomass pretreatment. Base
solutions cause swelling of biomass which subsequently leads to decrease in the degree of
polymerization, decrease in crystallinity, disruption of the lignin structure and separation of
structural linkages between lignin and carbohydrates38.

Among the bases investigated

ammonia has the highest potential for use in commercial processes since it can be recovered
and recycled due to its high volatility, thus reducing chemical and waste treatment cost 23.
Kurakake et al.,39 reported the pretreatment of bagasse; corn husk and switch grass using
ammonia water for enzymatic hydrolysis.

Lime treatment
Biomass can also be pretreated with lime to improve subsequent enzyme hydrolysis
to fermentable sugars. Typical lime loading is 0.1g Ca (OH)2 per gram biomass. A minimum
amount of 5g water per gram biomass is needed4. Lime treatment can be performed at
temperatures below 100oC to avoid the use of expensive pressure vessels, but at such low
temperatures, the required treatment times normally are very long. For instance, Kim and
Holtzapple41 reported that corn stover treated with excess lime at 0.5g Ca (OH)2 per gram
biomass at 55oC with aeration, needed 4 weeks to accomplish the treatment, after which
87.5% of the lignin was removed and some of the carbohydrate fractions were solubilized.
The total yields of glucose and xylose after enzyme hydrolysis were 93.2% and 79.5%
respectively.
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Alkaline peroxide treatment
This involves the use of alkaline solutions of hydrogen peroxide. In this treatment,
large fractions of the hemicellulose and lignin are solubilized whereas most of the cellulose
remains intact. The cellulose in the residual solid can be hydrolyzed with enzymes at very
high rates and near theoretical yields. The optimum pH is 11.5, which is the pKa for the
dissociation of H2O2.

When this pretreatment was applied to corn stover, most of the

hemicellulose and as much as 50% of the lignin were solubilized. The residual solid fraction
which still contains most of the original cellulose was hydrolyzed with cellulase to over 90%
of theoretical glucose yield42.

Wet oxidation
In the wet oxidation process, biomass is treated with water and air or oxygen at
elevated temperatures and pressures43. Similar to the alkaline peroxide treatment process
large fractions of hemicellulose and lignin are solubilized during wet oxidation leaving a
solid residue high in cellulose. The cellulose in the residual solid can be hydrolyzed with
enzymes at high rates and yields44. The main advantage of the wet oxidation over the
alkaline peroxide process is replacement of hydrogen peroxide by air, which helps reduce the
chemical costs significantly23.

2.2. Gelatinization and saccharification of starch
It is needful that the starch from their feed stocks be converted first into soluble sugar
before it is fermented to ethanol. The soft and tender nature of the starch suggests the use of
mild saccharifying agents, since the polysaccharide must be broken down into fermentable
sugars which can be utilized by the micro-organisms. The starch degradation process can be
achieved in complete term by enzymatic agents or by acid hydrolysis and it involves
gelatinization or hydration, liquefaction and saccharification.

The practice of cooking

involved in the first two steps is undertaken in order to release the starch granules and this
facilitates the reaction of the substrate with the saccharifying agent. It has been observed that
starch granules gelatinize in water when the temperature is raised to about 60 – 70oC range.
As the temperature is raised further, the granules swell progressively to form a paste or sol
and the shorter linear molecules dissolve. There is thus a disintegration of the granules into
molecules and starch granules fragments. The paste then forms a gel upon cooling, depending
on the variety and concentration of starch present. The best definition of the gelatinization
temperature is that point at which the granule loses birefringence when viewed under a
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polarizing microscope45. Although an individual starch granule gelatinizes quite sharply, not
all of the granules in a sample gelatinize at the same temperature but rather between 8 – 10oC
range and each variety of starch has a characteristic gelatinization temperature range as given
in Table 3 below.

Table 3: Gelatinization temperature of some starch sources

Starch source

Gelatinization temperature (oC)

Rice

68 - 78

Sorghum

68 – 78

Corn

62 – 72

Cassava

71 – 44

Cocoyam

65 - 70

Potato

59 - 68

Wheat

58 – 64

When the organization of the starch granules is disrupted by mechanical means such
as extensive grinding of the starch in the dry state (dry milling), there is a rupture along
certain lines of cleavage and the starch tends to gelatinize even in cold water. In this
disrupted state, it is more susceptible to action of enzymes46.
The temperature of gelatinization in water could be altered by the addition of certain
chemicals such as caustic alkalis, urea and some amines. But if these chemicals are present
in proper concentration, they are solvents for starch even at room temperature. Salts such as
sodium sulphite suppress gelatinization by competing for the water present; they are added
during some derivatization reactions to prevent excessive swelling of the starch granules.
Gelatinization is a net endothermic process involving hydration of the starch
molecules, separation and rupture of some hydrogen bonds between glucose units. The heat
of gelatinization varies from 5700 cal per glucose unit for very small starch granute to 9080
cal. per glucose unit for relatively large starch granule. An important property of starch from
an industrial stand point is the case of hydrolysis of bonds between glucose units by acid or
enzymes. Acids may be used to hydrolyze starch in either its native form or in gelatinized
state, while enzymes (amylases) hydrolyze starch efficiently only in the swollen granule state
or gelatinized form47.
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2.2.1. Enzymatic hydrolysis method
Enzymes suitable for the hydrolysis of starch can be obtained from many sources
such as bacteria, fungi, vegetables and animals. In the United States and in other advanced
countries, submerged fermentation process was initiated and successfully used in hydrolysis
of tapioca for alcohol production. Barley malt, moulds that grow on rice, bread and wheat
bran are commonly used in most Asian countries.

Recently, the use of rhizopus was

introduced in France to supplement the mould bran process.

Malt contains the three

important enzymes necessary for the complete hydrolysis and degradation of starch. These
are, α – amylase, β-amylase and glucoamylase (glucosidase). The breakdown of gelatinized
starch occurs through the hydrolysis of α -1, 4 linkages that join the glucose molecules into
long chains and through the hydrolysis of α – 1, 6 links that form the branch points of the
amylopectin component of starch. α -amylase also known as liquefying enzyme causes more
or less random cleavage of the starch molecule by hydrolyzing the α – D-(1,4) glucosidic
bonds. Characteristic of this reaction is the rapid decrease in the viscosity of the gelatinized
starch slurry to produce more chain ends for the action of the other enzymes e.g the
saccharrifying enzyme.

Microbial α -Amylases are used commercially to produce low

viscosity size adhesive and syrups from native starch. The presence of this enzyme in saliva
and pancreatic juice of animals is necessary for digestion of the starch in their diet. β amylase also attacks the α – 1, 4 linkages of dextrin and starch and splits the disaccharide
maltose directly from the starch molecules.
The hydrolysis involves the stepwise removal of maltose units from the non-reducing
ends of the amylose and amylopectin components of the starch. Amylose molecules are
almost quantitatively hydrolyzed to maltose in this manner. Amylopectin molecules are
hydrolyzed only to branch points in the molecule because β-amylase does not bypass the 1, 6
– glucosidic linkages present at these points. The residue which remains (limit dextrin) is of
comparatively high molecular weight and contains 1, 6-bonds for the attack of the third
enzyme. Neither α -amylase nor β-amylase attacks the α -1, 6 linkages but they rather assist
in facilitating the attack of the glycosidase which is the third enzyme. Glucoamylase acts
specifically on α – 1, 6 linkages of the resulting maltose and dextrins thus completing the
hydrolysis of starch into fermentable sugar. It involves the splitting of the disaccharides
directly to form monosaccharide, D-glucose.

The hydrolysis proceeds by the stepwise

removal of glucose from non-reducing ends of the molecular chains. The hydrolysis pathway
involves the progressive shortening of all the chains beginning at the non-reducing ends of
the molecules of amylopectin component. When α – D- (1, 6) linkage is encountered at a
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branch point in this molecule, the hydrolysis occurs at a much slower rate. The hydrolysis of
amylose also begins at the non-reducing ends and proceeds with a progressive shortening of
all the amylose chains until they are completely hydrolyzed to D-glucose.

2.2.2. Acid-catalyzed hydrolysis method
All starches are hydrolyzed by acid to sugar. In the past, this reaction was the
commercial method for the production of dextrose and starch syrups. Sugar yields achieved
from acid hydrolysis is usually low; however, high yields can be obtained by hydrolyzing the
starch slurry with 0.1M HCl at one atmosphere using starch to acid ratio 1:3. Acid hydrolysis
process which involves the mixing of starch slurry with HCl until the pH approximates 2.0
was investigated by Robinson and Rutianawala48. The desired conversion was achieved by
heating the mixture. This gave a maximum yield of about 90% as some of the glucose and
dextrins were consumed in the side reactions and polymerized under such conditions of the
process to form compounds of high molecular weight.
The sugar syrups is then neutralized with Na2CO3 and centrifuged to remove
impurities. It can be further refined by filtration for certain purposes, but as a substrate for
fermentation, the syrup would require a little more than the desired sugar level. Today,
enzymatic methods of starch hydrolysis are replacing all or part of the acid processes because
enzymatic methods are more economically viable and result in better and purer products.
Acid hydrolysis is more expensive and causes extensive corrosion of the equipment.
Expensive corrosion- proof equipments are therefore needed resulting in high capital cost.
Again, a number of side reactions have been discovered to accompany the acid
hydrolysis of starch.

Glucose may recombine to give various disaccharides and

polysaccharides, or it may decompose into products such as 5-hydroxymethyl furfural and
levulinic acid. The compounds produced as a result of partial decomposition or degradation
by acid can inhibit microbial growth in enzyme – acid dual process. The starch hydrolysis
process is given by a simple equation.

(C6H10O5) n + H2O

2.3.

nC6H12O6,

Chemistry of Fermentation
Fermentation is an internally balanced oxidation/reduction of organic compounds that

take place in the absence of external electron acceptors (O2, NO3-, SO42- etc).

In

fermentation, the oxidation of an intermediate organic compound is coupled to the reduction
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of another organic intermediate. Fermentation results in the formation of a carbon compound
that is more reduced than the original organic electron donor and a carbon that is more
oxidized23.

Fermentation

also

includes

phosphorylation,

dehydrogenation

and

decarboxylation reactions. It produces esters, alcohols, higher alcohols, aldehydes etc as byproducts49. In many fermentation processes, the reactions involved with oxidizing a simple
sugar under anaerobic conditions involve two phases; glucose oxidation and pyruvate
metabolism. Glucose metabolism often occurs through glycolysis otherwise known as the
Embden-Meyerhof Parnas (EMP) pathway in the same manner as in aerobic or anaerobic
respiration. However, because oxygen is unavailable for use as an external electron acceptor
or the microorganism does not have the capacity to use alternative inorganic compounds such
as nitrate or sulphate, the electron carrier molecule NAD+ must be regenerated by donating
electrons to intermediate organic compounds.
The yeast Saccharomyces cerevisiae is the universal organism for fuel ethanol
production using starch and sugar feed stocks. The sugars that are metabolisable by this
organism include glucose, fructose, mannose, galactose, sucrose, maltose and maltotriose. In
the simplest form, production of ethanol from glucose can be expressed by the following
equation.

C6H12O6 + 2Pi + 2ADP
Glucose

2C2H5OH + 2CO2 + ATP + 2H2O
2 ethanol + 2 carbon dioxide + Energy.

From the above equation, it can be calculated that the theoretical yield is 0.511g
ethanol produced per gram of glucose consumed. This yield can never be realized in practice
since not all of the glucose consumed is converted to ethanol but part of it is used for cell
mass synthesis, cell maintenance and production of by-products such as glycerol, acetic acid,
lactic acid and succinic acid. Under ideal conditions however, 90 to 95% of the theoretical
yield can be achieved50. The mechanism starts with the conversion of the disaccharide
(sucrose) into monosaccharide by the enzyme invertase.
invertase
C12H22 O11 + H2O
from yeast

C6H12O6 + C6H12O6
Glucose
Fructose
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The monosaccharide in the form of glucose is then converted into ethanol and carbon
(IV) oxide. In this conversion, the enzyme acts in a coordinated sequence and there are two
major steps in this direction and are discussed below. Sugar transport is the first and most
important step in ethanol production. It has been suggested to be the rate-limiting step of
glycolysis in yeast51.

First phase reaction: In the first phase reaction which involves four enzymatic
reactions, glucose is enzymatically phosphorylated by two molecules of ATP (Adenosine
triphosphate).

This was the work of Harden and Young in England which implicated

phosphorylated derivatives of sugar in ethanolic fermentation52.

This phosphorylation

prepares glucose for further catabolism and eventual cleavage into two molecules of D –
glyceraldehyde-3-phosphate. The formation of glucose-6-phosphate is the initial step in the
first phase reaction and it involves the phosphorylation of the glucose by ADP to yield
glucose-6-phosphate.

The enzyme hexokinase catalyzes this reaction.

It catalyzes the

transfer of phosphate from ATP to glucose.

CHO

CHO

H

C

OH

HO

C

H

H

C

OH

H

C

OH

CH2OH

Hexokinase

+

ATP

H

C

OH

HO

C

H

H

C

OH

C

OH

H

+

ADP

CH2OPO3H2
D-glucose-6-phosphate

Glucose

The next step is the catalytic isomerization of phosphogluco-isomerase to form Dfructose-6-phosphate. This isomerization involves the open chain form of sugars
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CH2OPO3H2

CH2OPO3H2

D-fructose-6-phosphate

D-glucose-6-phosphate

In the presence of the enzyme phosphofructokinase, the high energy bond of ATP is
used to synthesize the low energy ester phosphate bond of D-fructose-1, 6-diphosphate from
D-fructose-6-phosphate

CH2OPO3H2

CH2OH
O

C

C

HO

C

H

H

C

H

C

+

Phosphofructokinase
ATP

O

HO

C

H

OH

H

C

OH

OH

H

C

OH

CH2OPO3H2

CH2OPO3H2
D-fructose-1,6-diphosphate

D-fructose-6-phosphate

The last step in the sequence of reaction for the first phase is the formation of Dglyceraldehyde-3-phosphate. This involves the cleavage of fructose-1, 6-diphosphate to form
the two triose phosphate sugars; dihydroxyacetone phosphate and glyceraldehyde-3phosphate. The enzyme that catalyzes this transformation is called aldolase.
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CH2OPO3H2

CH2OPO3
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H
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Dihydroxyacetone
phosphate

OH

C

Glyceraldehyde-3-phosphate
CH2OPO3H2
D-fructose-1,6-phosphate
In the presence of a catalyst called isomerase, the dihydroxyacetone phosphate is
converted to the aldehyde isomer for subsequent degradation.

CH2OPO3H2
C

O

H
C

Isomerase

CH2OH
Dihydroxy acetone
phosphate

H

C

O
OH

CH2OPO3H2
Glyceraldehyde-3-phosphate

Second phase reaction: The second phase starts with the reaction in which the
glyceraldehydes-3-phosphate and NAD+ (Nicotinamide dinucleotide) adds H3PO4 to form 1,
3-diphosphoglyceric acid. The enzyme responsible for this catalyzation is the
glyceraldehyde-3-phosphate dehydrogenase.
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In the next step, the enzyme, phosphoglycerylkinase catalyzes the reaction in which
1, 3-diphosphoglyceric acid donates its high energy phosphate group to ADP to form ATP
and 3-phosphoglyceric acid.

CO2H

O

C

H

H

OPO3H

C

OH

+

C

OH

+

ATP

Mg2+
ADP

CH2OPO3H2

CH2OPO3H2
1,3-diphosphoglyceric acid

3-phosphoglyceric acid

It has been shown that in the presence of an enzyme called phosphoglycerylmutase,
3-phosphoglyceric acid can be converted to 2-phosphoglyceric acid.
CO2H

CO2H
H

C

Phosphoglycerylmutase
OH

CH2OPO3H2
3-phosphoglyceric acid

H

C

OPO3H

CH2OH
2-phosphoglyceric acid

This leads to the next step where the enzyme, enolase catalyzes the dehydration of 2phosphoglyceric acid to produce phosphoenolpyruvic acid
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CO2H

CO2H
Mg2+ K+
H

C

C

OPO3H2
Enolase

CH2OH

OPO3H2 + H2O

CH2
Phosphoenolpyruvic acid

2-phosphoglyceric acid

The phosphoenolpyruvic acid formed above in the presence of an enzyme called
pyruvic kinase donates its high energy phosphate group to ADP to produce ATP and pyruvic
acid.

CO2H

CO2H
C

OPO3H2

+

Mg2+ K+

ADP

O

C

CH2

+

ATP

CH3
Pyruvic acid

Phosphoenolypyruvic acid

In the next step, the enzyme pyruvic acid decarboxylase, in the presence of co-factors,
TPP (Thiamine pyrophosphate) and Mg2+ catalyzes the decarboxylation of pyruvic acid to
acetaldehyde and carbon (IV) oxide.
CO2H
C

Mg2+

O

CH3

H
C

TPP

O

+

CO2

CH3

In the last step in these series of alcoholic fermentation, acetaldehyde is reduced to
ethanol by NADH (Reduced NAD) in the presence of an enzyme called alcohol
dehydrogenase.

H
C
CH3

O

+ NADH +

H+

C2H5OH

+

NAD+
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All the steps leading to pyruvic acid formation are reversible while carbon (IV) oxide
and ethanol are the major products. The cation Mg2+ catalyzes some vital steps in the series
of the reactions by combining with ATP to form MgATP2+ which is the substrate that
phosphorylates the sugars.
Glucose and sucrose are the two most preferred substrates among the sugars
metabolized by S. cerevisiae. In industrial applications where many sugars are present,
glucose and sucrose are always consumed first. In fact, the presence of these two sugars
causes repression in uptake and metabolism of other sugars53. This catabolite repression is
the result of both competition for sugar transporters and down-regulation of the genes
involved in the uptake and metabolism of the other sugars. For example, the uptake of
fructose is slowed down by glucose since both sugars are transported into the cell by the same
carriers, which have higher affinity for glucose. In addition, glucose also can repress the
expression of specific fructose transporters. Glucose represses the expression of the maltose
utilization genes even when maltose is present54,55. Glucose also causes repression of the
galactose utilization genes even in the presence of that sugar 56. Catabolite repression is not
immediately relieved after glucose and sucrose are depleted. In fact, the effect may last for
several hours57. The repression of utilization of other sugars by glucose and/or sucrose may
have a negative effect on fermentation rates in industrial ethanol production. Saccharomyces
cerevisiae requires certain minerals (e.g Ca, Mg, Mn, Co, Fe, Cu, K, Na, Zn) for growth and
ethanol fermentation58. A number of organic compounds also have been observed to improve
ethanol production59. Most of the required nutrients are normally already available in
industrial feedstock for ethanol prroduction60.

2.3.1. Distillation of fermented wort
Ethanol is recovered from the fermented wort by distillation. This is achieved by
using the distillation apparatus consisting of a round bottomed flask, with a connecting arm,
sealed on a thermoregulator. The flask is filled with a cork carrying a thermometer. The
connecting arm is subsequently connected to a condenser through cold water tap to enable the
vapourized alcohol to condense. The distillate is then collected in a flask tightly connected to
the condenser. Ethanol is obtained by setting a thermo-regulator at 78 – 79oC and monitoring
the temperature with the aid of the thermometer. The volume of ethanol recovered is then
measured when there is no more condensate at the set distillation temperature. The distillate
is allowed to run through a funnel containing calcium oxide or anhydrous sodium sulphate to
absorb any traces of water in the distillate. This latter process however is carried out for
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industrial ethanol. For beverage alcohol, distillation alone is used. The distillation is done
over and over again to increase the concentration of ethanol available.
Alcohol yield is expressed as the amount of distillate per volume of fermented wort.
Percentage yield is calculated as;

% Yield =

Volume of ethanol obtained by distillation

x

100

Volume of the fermented wort

2.3.2. By- products of alcoholic fermentation
Alcoholic fermentation is usually carried out by live yeast cells and is associated with
the production of a number of substances other than alcohol. Apart from stillage, carbon
dioxide and problems of azeotrope, ethanol from the fermented wort contains many byproducts such as glycerol, succinic acid, acetaldehyde and fusel oils. These substances
usually account for less than one percent of the total volume of ethanol61. They are largely
responsible for the characteristic flavours and aromas observed in most of the distilled
alcoholic beverages. The proportions of these by-products are variable and depend mainly on
the condition of the yeast and the nature of nutrient. Research findings have shown that
succinic acid exists in all fermented liquors. Glycerol is also an inevitable by-product of
sugar fermentation. Many other subsidiary products have now been recognized in addition to
succinic acid and glycerol. These are formic acid, acetic acid, propionic acid, butyric acid
and several other higher acids which occur as esters. Formaldehyde, acetaldehyde and traces
of higher aldehydes, alcohols like n-amyl and iso-amyl alcohols that are main constituents of
fusel oil are also among the typical by-products. Stillage, which is the spent mash resulting
from the distillation of wine is usually obtained in proportion of 12 parts for each part of
alcohol. It is a highly polluting waste which when not properly controlled, causes serious
environmental problems. However, stillage can be fed to cattle and poultry and also used as a
fertilizer though the quantities and procedures for adding it to the soil have not been
extensively developed. Stillage is also used in the manufacture of several fermentation
products such as enzymes, vitamins and antibiotics. The fusel oil and second grade alcohol
(6 litres and 50 litres respectively per 1000 litres anhydrous alcohol), could be used
commercially. The carbon dioxide produced during fermentation also has some industrial
applications. It is used in the preparation of dry ice and for carbonation of beverages like
beer and soft drinks and in the lyopholization of micro organisms62. The extent of the byproducts formed depend mainly on the starting substrates for the fermentation process, such
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that the fusel oil outputs at times fluctuate between 0.1 – 0.7% of the alcohol produced and
fractionally account for the high boiling point of fermented liquors.

2.3.3. Separation of by-products
At the end of the alcoholic fermentation process, it is expedient that the product be
separated from the impurities (by-products) contained in the typical fermented mash. The
mash contains the desired product (ethanol in dilute solution with these unwanted products).
This desired product concentration barely exceeds 10%. So the separation and purification
processes involve removal of the 10% product of interest from 90% extraneous materials47.
This is generally accomplished by series of physical and chemical treatments such as heating,
distillation, evaporation, extraction and crystallization
For the separation and purification of ethanol from the products of alcoholic
fermentation, the main separation process generally used is distillation. Some of the byproducts removed by distillation are mainly those that are more volatile than ethanol. They
consist mainly of aldehydes with acetaldehyde being the main component. Acetaldehyde is
removed relatively easily due to its low boiling point as a distillation product when compared
with ethanol. However, separation is not completely satisfactory due to residual aldehyde
content in alcohol which is usually 100 mg/litre.
The less volatile compounds known as fusel oils are mainly a mixture of isomers of
amyl alcohol (60 – 80%), isobutyl alcohol (15 – 30%) and n-propyl alcohol (0 – 10%). Of
these by-products comparison, almost about 1 litre of acetaldehyde and 5 litres of fusel oil are
produced for every 1000 litres of ethanol produced.
Fusel oil, owning to its complex composition and limited solubility in water is more
difficult to separate. Dry fusel oil boils in the range of 128 – 137oC and being less volatile
than water, it usually remains in the bottom product. In the presence of water however, the
boiling point of the mixture falls below that of the water alone as a consequence of their
immiscibility. Fusel oils therefore rise from the bottom of an alcohol purifying column and
concentrate in its middle part. In a continuous process, fusel oil is removed by bleeding from
several lower plates (usually 6th – 15th) of the alcohol rectifying section. The withdrawn
liquid is cooled and fed into a fusel oil separator consisting of a washing vessel and decanter.
Fusel oil is taken from the top of the decanter and the washing water from its bottom
containing some alcohol is fed back to the bottom of the rectification column.

31
2.3.4. Rectification and production of absolute ethanol
Ethanol-water mixture (azeotrope) obtained after distillation is frequently rectified to
increase the composition and consequently the strength of the ethanol produced. However,
ethanol cannot be made stronger by rectification more than 96% by ordinary simple
distillation.

This is because water forms a binary constant boiling mixture of this

composition which boils at slightly lower temperature than absolute or anhydrous alcohol63.
Since water-free ethanol cannot be obtained by simple distillation, some special pretreatments are necessary at times to produce anhydrous alcohol. One of such treatment is by
absorbing the 5% of water present in 95% ethanol using quick lime, with subsequent
distillation. This process produces a very high quality absolute ethanol but however, very
expensive.

It has now been replaced largely by improved chemical engineering unit

operations of distillation and extraction involving a third component known as entrainer.
The modern principle used in a fractionating column to produce anhydrous ethanol
from wet ethanol is the effect of the dehydrating agent on the partial pressure of the ethanol
and of the water. Two classes of dehydrating agents for this purpose are the ones that depress
the partial pressure of water more than the alcohol and the other that depress that of the
alcohol more than water.
In the first case, ethanol goes out of the column where it is collected and in the second
case ethanol goes out from the bottom where it is tapped off20. Substances like benzene,
ether, ethyl acetate, toluene, hexane and carbon tetrachloride are very volatile and usually
depress the partial pressure of alcohol more than the water. They are therefore removed with
the water at the tope of the column leaving anhydrous alcohol at the bottom. Glycerine and
ethylene glycol do the same but in opposite manner to the above, being a higher boiling
constituent.
Hence, water in 95% ethanol is removed by either of the principal methods outlined,
which involves dehydration by distillation with a third component which forms a minimum
constant boiling mixture, boiling at a lower temperature than 95% ethanol or water. Here the
minimum could be:
i)

A binary mixture of which water-ethyl ether is an example

ii)

A ternary one of which ethanol water-benzene is an example.
This ternary azeotrropic mixture of ethanol-benzene-water boils at 64.9oC. Because

small trace of benzene may remain, absolute ethanol produced in this way should be
considered poisonous and unfit for internal consumption by humans64. The following figure
illustrates various ways of producing ethanol – namely; Laboratory, Local and Industrial.
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Fig. 5: Process flow chart for alcohol production from a starchy material.

2.4.

Starch as an industrial application
Starch is a biopolymer composed of anhydroglucose units and is major storage energy

in various plants in nature. It exists in the forms of tiny white granules in various sites of
plant. It can be found in cereal grain seeds (e.g. wheat, rice, corn, sorghum), roots (cassava,
sweet potato, arrow root), tubers (yam, potato), legume seeds (peas, bambara nut, beans,
lentil), fruit (paw-paw, green bananas, unripe apples) trunks (sago palm) and leaves (e.g.
tobacco)45. In Nigeria, each year an estimated 60 million tons of starch are extracted from a
wide range of cereal, root and tuber crops for use in a staggering variety of products such as
stabilizers in soups and frozen food, as coating on pills and paper, as adhesives on stamps and

33
plywood, as a stiffening agent in textile, as raw material for making ethanol and even as
binder in concrete65. The developments of both the food and non-food uses of starch have
made much progress and continues to have a bright future. Both old and important new
products, such as modified starches, starch sugars, starch-based plastics and fuel alcohol are
reviewed briefly. The global situation is shown in Fig.6

Fig. 6: Starch production world wide basis on raw material (International starch
institute,)66.

2.4.1. Native starches
Starch can be classified into two types; native and modified. Native starches are
produced through the separation of naturally occurring starch from either grain or root crops
and can be used directly in producing certain foods such as noodles. The raw starches
produced still retain the original structure and characteristics and are called “native
starches”65. Native starch is the basic starch product that is marketed in the dry powder form
under different grades for food and as pharmaceutical, human and industrial raw material.
Native starch has different functional properties depending on the crop source and specific
types of starch are preferred for certain applications. Native starch can be considered a
primary resource that can be processed into a range of starch products. Native starches have
limited usage, mainly in the food industry because they lack certain desired functional
properties. The native starch granule hydrate easily when heated in water, they swell and
gelatinize; the viscosity increases to a peak value, followed by a rapid decrease, yielding
weak-boiled, stringy and cohesive pastes of poor stability and poor tolerance to acidity, with
low resistance to shear pressure as commonly employed in modern food processing67.
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However, food, metallurgical, mining, fermentation, construction, cosmetics, pharmaceutical,
paper and cardboard and textile industries amongst others use native starch in its traditional
form.

2.4.2. Modified starches
For those characteristics which are unattainable with native starch, modified starch
can be used for other industrial applications through a series of techniques; chemical,
physical and enzymatic modifications. Thus, modified starch is native starch that has been
changed in its physical and/or chemical properties. Modifications may involve altering the
form of the granule or changing the shape and composition of the constituent amylose and
amylopectin molecules. Modifications are therefore carried out on the native starch to confer
it with properties needed for specific uses. Various modifications give the starch properties
that make it useful in many industries such as food pharmaceutical, textile, petroleum and
paper pulp industries66. The different ways of modifying native starch consists in altering
one or more of the following properties; paste temperature, solids/viscosity ratio, starch paste
resistance to reduction of viscosity by acids, heat and or mechanical agitation (shear),
retrogradation tendencies, ionic and hydrophilic nature. Modifying starch is important to
provide the following properties; thickening, gelatinization, adhesiveness and/or filmformation, to improve retention, enhance palatability and sheen and to remove or add opacity.
Some of the reasons for starch modification include; (a) to modify cooking characteristics
(gelatinization) (b) to reduce retrogradation (c) to reduce the pastes tendency to gelatinize (d)
to increase paste‟s stability when cooled or frozen (e) to increase transparency of pastes and
gels (f) to improve texture of pastes and gels (g) to improve adhesiveness between different
surfaces such as in paper applications. A simple modification process is represented by
washing, air classification, centrifugation and pre-gelatinization. Table 4 shows the chemical
characteristics of starches obtained from various sources.
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Table 4: Chemical characteristics of starches obtained from various sources
Starch a

Amylose (%)

Lipids (%)

Protein (%)

Phosphorus (%)

Corn a

28

0.8

0.35

0.00

Waxy corn a

<2

0.2

0.25

0.00

50-70

nd

0.5

0.00

Wheat a

28

0.9

0.4

0.00

a

21

0.1

0.1

0.08

Tapioca a

17

0.1

0.1

0.00

Mung bean b

39

0.3

0.3

nd

High-amylose corn a

Potato

a: From Be Miller and Whistler,67
b: From Hoover et al,68
nd: not determined

2.4.3. Starch granules and properties
Starch granules naturally exist in different ranges of size distribution, in different
shapes and dimensions which depends on their botanical source, growing and harvest
conditions45. Starches may be classified into three groups. The first group comprises the
common cereal starches (maize, wheat, sorghum, rice). The second group comprises the
tuber (potato) and root (tapioca, arrowroot, sweet potato) starches. The composition and
properties of these two groups of starches are distinctly different from each other. The third
group comprises the waxy starches (waxy maize, waxy sorghum, waxy rice). These starches
are isolated from cereals but the rheological properties of the waxy starches resembles most
closely to those of tapioca starch70. The granule size varies from the tiny granules in rice and
oat starches (1.5 - 9μm) to the large ones in potato starch (up to 100 μm). Figure 7 shows
schematically the appearance of various starches while Fig. 8 shows the appearance of wheat
starch alone under light microscope.
Potato starch has relatively large oval granules in contrast to the smaller round or
polygonal granules of maize starch. Mung bean starch has relatively narrow size distribution
while some cereal starch such as wheat, barley and rye possess a bimodal particle-size
distribution. The subdistribution of small granules ranges in size from less than 0.5 μm to
about 10 μm with a weight average diameter of about 6 μm. The subdistribution of large
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granules ranges from about 10 μm to 45 μm with a weight average diameter of about 24 μm.
The larger granules in wheat starch represents only about 20% of the total number but
account for about 90% of the weight70. The large granules (called A-granules) are lenticular
with a diameter around 20 μm, while the small granules (called B-granues) are spherically
shaped with a diameter below 10μm71. Table 5 shows the properties of some starch granules.
Figures represent average values.

Fig.7: Microscopic appearance of commercial starches (Enlargement 500x).

Table 5: Properties of starch granules
Starch

Shape

Diameter

Average

Number of granules per

range (μm)

diameter (μm)

g.starch x 106

Wheat

Round, lenticular

1 – 45

8

2,600

Potato

Oval, spherical

5 – 100

27

60

Corn

Round, polygonal

2 – 30

10

1,300

Tapioca

Truncated, round oval

4 – 35

15

500

Waxy corn

Round, polygonal

2 - 30

10

1,300

Source: Swinkles,70
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A native starch granule consists of a semi-crystalline structure.

The radial

arrangement of the starch molecule displaying birefringence with the “Maltese cross” can be
seen under a polarizing light microscope. The branches of amylopectin form double helices
which are arranged in crystalline domains. Contrarily, amylose largely makes up the
amorphous regions which are randomly distributed between the amylopectin clusters72. The
branching regions are constituted of the amorphous layer that separates the crystallites from
each other71. According to X-ray diffraction pattern, native starch granules can be classified
as A, B and C type (Fig.7)73. Most cereal starches (e.g. normal corn, rice, wheat and oats)
display the A-type, while tuber starches (e.g. potato, tulip and lily) exhibit the B-type. The
C-type is mixture of A and B types. Several rhizome and bean starches belong to the Ctype74. Starches with amylopectin of short average branch chains display the A pattern,
whereas those with long branches give the B pattern. The average chain length in between
forms the C pattern75.

Fig .8: Starch granules of wheat; Source, Raeker et al.,74.
A-granules: Large disc shaped
B-granules: Small spherical shaped
C-granules: Not well defined (mixture of A and B granules)

2.4.4. Starch granules composition
Table 6 below shows the typical chemical composition of various native starches.
Figures represent average values76-79.
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Table 6: Composition of starch granules
Starch

Moisture
at 65%
RH

Lipids (%
on dry
substance)

Protein
(% d.s)

Ash (%
on d.s)

Phosphorus
(% on d.s)

Wheat

13

0.8

0.4

0.2

0.06

Amount of
taste and
odour
substances
High
relative

Potato

19

0.05

0.06

0.4

0.08

Low

Corn

13

0.7

0.35

0.1

0.02

High
relative

Tapioca

13

0.1

0.1

0.2

0.01

Low

Waxy

13

0.15

0.25

0.1

0.01

Medium

corn

Most commercial native starches contain 2 to 10% moisture under normal
atmospheric conditions. The amount of water absorbed by starch granules is dependent on
the relative humidity (RH) and the temperature of the atmosphere in which they have been
stored.

The common cereal starches (corn, wheat, rice, sorghum etc.) contain a high

percentage of fatty substance (0.6 – 1.0%). The fatty substances (lipids) in the cereal starches
are predominately lysophospholipids (in wheat starch) or free fatty acids (in corn and waxy
corn starch). The high amount of lipids in the common cereal starches has unfavourable
effects which includes the following:
i)

Reduces the water-bonding capacity, the swelling and the solubilization of starches;

ii)

The oxidation of lipids results in the formation of undesirable flavours

iv)

In starch pastes and starch films, the lipids are present in the form of an „inert‟
complex with the amylose molecules.

This complex does not contribute to the

thickening power or bonding force of the gelatinized starch;
v)

The presence of amylose-lipid inclusion compounds makes starch pastes and starch
films opaque or cloudy.
The cereal starches (corn, wheat, waxy corn) contain considerable amount of proteins

compared with the tubers and roots. The amount of proteins is calculated as N x 6.25 and
includes the real proteins, peptides, amides, amino acids, enzymes and nucleic acids. The
high content of proteins in the cereal starches may have the following undesirable effects
which include; formation of mealy flavours, foam building and colour formation in
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hydrolysates70. The presence of phosphate groups confers on starch relatively high ash
content.

As metals, the ash of native starches contains mainly calcium, potassium,

magnesium and sodium. Potato starch is the only commercial starch which contains an
appreciable amount of covalently bonded phosphate monoester groups (0.06 – 0.10%
calculated as P). The negatively charged phosphate groups are linked exclusively to the
potato amylopectin molecules (about 1 phosphate monoester group per 300 glucose units).
The phosphorus in the cereal starches is mainly present as lysophospholipids. The light
flavour of raw cereal of corn and wheat starch products results from their high content of
lipids and proteins.

2.5.

Amylose and amylopectin
Starch granules are composed of two major polymers; amylose and amylopectin.

Their structure and relative amount of both populations play an important role in determining
starch properties. The amylose is a linear molecule whereas the amylopectin is a highly
branched polymer. The amylose content and degree of polymerization (DP) of amylose are
important for the physical, chemical and technological properties of starch. Most starches
contain 25% amylose. For waxy starches (e.g. waxy corn, waxy potato), the amylose content
can be less than 2% while the amylose content of high amylose corn starch can be up to
70%45.

2.5.1. Amylose
Amylose is primarily a linear chain of D-glucose units linked by α- 1, 4 linkages.
However some amylose molecules have about 0.3 – 0.5% of α – 1, 6 linkages (branches)80.
Degree of polymerization (DP) is the total number of anhydroglucose residues present
divided by the number of reducing ends. The degree of polymerization of amylose is around
1500 – 6000. The DP of amylose depends on the source of the starch. For instance, potato
and tapioca starches contain amylose molecules which have a substantially higher degree of
polymerization than the amylose molecules of corn and wheat starch. Their DP range
between 1000 to 6,000 glucose – units (averaging about 3000). Corn and wheat amylose
have a degree of polymerization ranging from 200 – 1200 glucose – units (averaging about
800). The linear starch chains of amylose have an increased tendency to line up into bundles
or micelles (retrogradation). The long amylose molecules do not readily move into tight
association with other chains (low rate of retrogradation). The small amylose molecules are
more prone to quick association (high rate of retrogradation). Amylose with high degree of
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polymerization has a higher binding force compared to amylose with low DP70. The total
content of carbohydrate generally can be determined by the phenol - sulphuric acid method,
while reducing residues can be determined by the Park Johnson‟s colorimetric procedure for
glucose81 or by the DNS (dinitrosalicylic acid) method82. Amylose can form complexes with
iodine and various organic compounds such as butanol and fatty acids. The complexing
agents are incorporated within the amylose helixes.

These complexes are essentially

insoluble in water. Amylose is easily leached out from swollen granules just above the
gelatinization temperature. The amylose fraction usually can be isolated by such aqueous
leaching procedures74, by dispersion and precipitation83

– 85

and by ultracentrifugation
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methods . Figure 9 shows the representative partial structure of amylose.

Fig. 9: Representative partial structure of amylose.

2.5.2. Amylopectin
Amylopectin is one of the largest molecules in nature. The molecular weight of
amylopectin is 1000 times as high as the molecular weight of amylose. When compared to
amylose, the amylopectin structure is more complex since 4 – 5% of the total linkages form
branches. It is composed of glucose units linked by α – 1, 4 and some α – 1, 6 linkages. Due
to its general dominance, in granule composition, structure and properties, amylopectin has
been studied extensively in the aspects of molecular size and structure. Figure 10 below
shows the representative structure of amylopection. Amylopectin structure consists of three
types of chains (Fig. 11)87, 88. The C – chain carries the sole reducing group in the molecule
to which the B – chains are attached, while the terminal A – chain is attached to B –chain89.
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Because the polymer molecules exist as heterogeneous mixtures, they are usually
characterized by the average values of DP and “chain length” (CL). CL is the total amount of
carbohydrate divided by the number of non-reducing end groups.

HPLC is generally

employed to estimate the CL distribution. The CL distribution can be determined by sizeexclusion chromatography (SEC) and high performance anion-exchange chromatography
(HPAEC) with pulsed amperometric detection after debranching of amylopectin with
isoamylase or pullulanase74. The average CL of most amylopectin is in the range 18 – 24.
The A chain is shorter than the B chain. The ratio of A chain to B chain is the key parameter
in amylopection characterization.

Fig. 10: Representative partial structure of amylopectin.
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Fig. 11: Proposed model for amylopectin (1: crystalline region; 2: amorphous region; Ø:
reducing end group. Robin et al.,87.

The most acceptable value of A/B ratio appears to be 1.0 – 1.4:1. A high proportion
of A chain gives a low tendency to retrogradation of amylopectin74. Table 7 below shows
some important physicochemical characteristics of amylose and amylopection while Table 8
shows the amylose and amylopectin values of some starch feedstock. Figures represent
average values.

Table 7: Important physicochemical characteristics of amylose and amylopectin

Property

Amylose

Amylopectin

Molecular structure

Linear (α – 1,4)

Branched (α – 1, 4; α – 1,6)

Molecular weight

~ 106 Daltons

~ 108 Daltons

Degree of polymerization

1500 - 6000

3 x 105 – 3 x 106

Helical complex

Strong

Weak

Iodine colour

Blue

Red – purple

Dilute solutions

Unstable

Stable

Retrogradation

Rapidly

Slowly

Gel property

Stiff, irreversible

Soft, reversible

Film property

Strong

Weak and brittle

Source: Jane90, and Zobel91.
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Table 8: Amylose and amylopectin values of some starch feedstock

Starch

Amylose

Amylo

Amylos

Amylo

No. of

content

pectin

e D.P

pectin

amylose

1% on

content

D.P x

mol./g.

ectin

/

starch

106

starch x

mol./g.

amylop

molecu

1020

starch

ectin

le

d.s

No of

Ratio

amylop amylose

Ave.
DP of

x
1017
Wheat

28

72

800

2

130

130

1000

3,000

Potato

21

79

3,000

2

30

150

200

14,000

Corn

28

72

800

2

130

130

1,000

3,000

Tapioca

17

83

3,000

2

20

150

150

18,000

Waxy

0

100

-

2

0

190

0

2,000,0

corn

00

Source: Morrison and Milligan79, Wurzburg92,Banks and Greenwood 93, Greenwood94.

2.5.3. Effects of amylose and amylopectin content of starch on ethanol production.
Research studies have been carried out to investigate the effect of amylose and
amylopectin content on ethanol yields. Wu et al.,95 reported the effects of amylose, protein
and fibre contents on ethanol yields from commercial corn starches with different contents of
amylose, corn protein and corn fibre as well as media made from different cereal sources
including corn, sorghum and wheat with different amylose contents. Second order response –
surface regression models were used to study the effects and interactions of amylose, protein
and fibre contents on ethanol yield and conversion efficiency. The results showed that the
amylose content of starches had a significant (P < 0.001) effect on ethanol conversion
efficiency. No significant effect of protein content on ethanol production was observed.
Fibre did not show a significant effect on ethanol fermentation either. Conversion efficiencies
increased as the amylose content decreased, especially when the amylose content was > 35%.
Fermentation tests on mashes made from corn, sorghum and wheat samples with different
amylose contents confirmed the adverse effect of amylose content on fermentation efficiency.
However, high-temperature cooking with agitation significantly increased the conversion
efficiencies on mashes made from high-amylose (35 – 70%) ground corn and starches. A
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cooking temperature of ≥ 160oC was needed on high amylose corn and starches to obtain
conversion efficiency equal to that of normal corn or starch. Factors affecting corn starch
conversion to ethanol were evaluated by Sharma et al.,96. The study was undertaken to
investigate the lack of correlation between ethanol concentration and corn starch content in
dry grind corn process. Effect of amylose: amylopectin ratios and resistant starch in corn
starch on ethanol concentration was also evaluated with four enzyme treatments operating at
varying temperature and pH liquefaction conditions. Final ethanol concentrations decreased
with increase in amylose content in starch treatments. However, when high temperature
liquefaction enzymes were used, starch treatments with higher amylose contents resulted in
higher ethanol concentrations compared to low temperature liquefaction enzymes.
Starch treatments with ~ 100% amylopectin resulted in highest ethanol concentrations
among starch treatments, irrespective of enzyme used, indicating higher digestibility of
amylopectin irrespective of high or low temperature processing conditions. Four commercial
corn hybrids with similar starch content but varying ethanol concentration yield (evaluated by
conventional dry grind corn process) were investigated for amylose amylopectin ratios and
resistant starch. The two low ethanol yielding hybrids had higher amylose and resistant
starch contents whereas the two higher ethanol yielding hybrids had lower amylose and
resistant starch content. The report concluded that amylose and resistant starch content can
be used to assess if the corn hybrids are favouable for hydrolysis and fermentation in the dry
grind corn process. Yan et al.,97 investigated the fermentation performance of waxy sorghum
for ethanol production.

Total starch and amylose contents were measured following

colorimetric procedures. Total starch and amylose contents ranged from 65.4 to 76.3% and
from 5.5 – 7.3% respectively. Fermentation efficiencies were in the range of 86.0 to 92.2%
corresponding to ethanol yields of 2.61 – 3.03 gallons/bushel. These results indicated that
lower amylose contents resulted to higher fermentation efficiencies. The advantages of using
waxy sorghums for ethanol production include; easier gelatinization and low viscosity during
liquefaction, higher starch and protein digestibility, higher free amino nitrogen (FAN) content
and shorter fermentation times.

2.6. Gelatinization and pasting behaviour of starches
Starch granules have partially crystalline and partially amorphous polymeric
98

regions . The crystalline structure is due to organization of amylopectin and the amorphous
structure is largely due to the amylose which is distributed randomly among amylopectin
arrangements72. Native starch granule swelling in water is a reversible process at
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temperatures below the gelatinization temperature due to its stable semi-crystalline structure.
The water absorption is usually less than 40%. When the temperature of a suspension of
starch granule, in excess of water increases to the gelatinization temperature, the starch
granule will lose its birefringence and crystallinity with concurrent swelling. This change is
irreversible and called “gelatinization”.

The total gelatinization usually occurs over a

temperature range of 10 - 15oC45, 99.
Gelatinization is the process of granule swelling followed by disruption of granule
structure in which the loss of crystalline order can be observed in the disappearance of the Xray diffraction. Before granule disruption, some materials (mainly amylose) already start to
leach out from the granule. The leached material increases in molecular weight and more
branched material leaches out with increasing temperature100,101, 98. However, not all amylose
leaches out during gelatinization102.

A well-known method for following the viscosity

changes during cooking of a starch paste is with the Brabender visco-amylograph. This
apparatus measures the viscosity (in Brabender units) of starch water dispersions that are
stirred and heated at a rate of 1.5oC per min, held at 95oC for 60 min and then cooled to 50oC.
Brabender viscosity curves are characteristic for each type of starch as shown in Fig. 12.
The pasting temperature is the temperature at which the viscosity of the stirred starch
suspension begins to rise. Corn and wheat starches have a substantial higher pasting
temperature than potato, tapioca and waxy corn starch. As the temperature is increased, the
starch granules swell and increase the viscosity of the starch paste until the peak viscosity is
reached. Potato starch shows high peak viscosity while wheat and corn starch have low peak
viscosity because the granules are only moderately swollen.

A higher peak viscosity

corresponds to a higher thickening power of a starch. The granule swelling ability is usually
quantified by swelling power (the weight of sedimented swollen granules per gram of dry
starch) or swelling volume (the volume of sedimented swollen granules per gram of dry
starch) at the corresponding temperature103-105. The swelling power of various starches can
be determined by suspending a weighed dry starch sample in water, heating the mixture at
95oC
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Fig. 12: Brabender amylograph curves of commercial starches.
for 30 min and centrifuging the swollen sediment from the supernatant solution. The weight
of the swollen sediment is determined. Potato starch has an exceptionally high swelling
power. This may be due to the presence of negatively charged phosphate groups which assist
in the swelling of potato granules. The relative low swelling power of maize and wheat starch
is partly due to the presence of amylose-lipid complexes70. The morphological change of the
granules during swelling depends on the origin of the starch. For some starches like potato
and corn, the granules swell in all directions, where as for wheat, barley and rye starch
granules, the swelling is restricted in one dimension, resulting in complicated folding of the
granules106.
The pasting behaviour of starches is very important for starch characterization and
their applications.

Useful information such as pasting temperature, peak viscosity,

breakdown and set back values can be obtained from the profiles determined with Brabender
amylograph or Rapid Visco Analyzer (RVA). The pasting profile is believed to be a very
useful indicator for starch application. The solubility of starch granules can be determined by
evaporation to dryness of the supernatant solution obtained from swelling power
determination. The solubility is expressed as the percentage (by weight) of the starch sample
that is dissolved molecularly after heating in water at 95oC for 30 min. Potato and tapioca
starches show the highest solubilization.

The lipids in the cereal starches reduce the
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solubilization. On heating in water, the granules of potato, tapioca and waxy maize starches
disintegrate more rapidly than the granules of maize and wheat starch and consequently they
quickly reach the homogeneous condition necessary for more uses70.

2.6.1. Retrogradation
When starch pastes are left to stand for some time, the amylose molecules will lose
water and bind together. A similar process occurs when starch –rich products such as
potatoes, corn etc are stored for a long time. This process of re-crystallization of starch is
called retrogradation. It is also known as set-back or congealing of starch paste. Initially, the
amylose forms double helical chain segments followed by helix-helix aggregation107.
Amylose is considered primarily responsible for the short-term retrogradation process due to
the fact that the dissolved amylose molecules re-orient in a parallel alignment. The long term
retrogradation is represented by the slow recrystallization of the outer branches of
amylopectin

108-110

. The recrystallized amylopectin in the retrograded gel can be melted at

o

55 C, whereas for the recrystallized amylose, the melting temperature rises to 130oC111.
Basically, the rate and the extent of retrogradation increases with an increased amount of
amylose.

In addition to the origin of starch, retrogradation also depends on starch

concentration, storage temperature, pH, temperature procedure and the composition of the
starch paste. Retrogradation is generally stimulated by a high starch concentration, low
storage temperature and pH values between 5 and 7. The salts of monovalent anions and
cations can retard starch retrogradation70. Retrogadation of starch pastes may have the
following physical effects (i) the tendency of starch pastes to thicken and to increase in
viscosity on cooling and aging.

(ii) the development of turbidity and opacity (iii) the

tendency to form stiff gels (iv) the formation of “skins” on hot pastes (v) the formation of
insoluble aggregates which may actually precipitate (vi) Syneresis (release of water or
„weeping‟) from the paste.
Different starches retrogradate at different rates as shown in Table 9. Wheat and corn
starch retrogradate more quickly than potato and tapioca starch. Waxy corn shows the lowest
rate of retrogradation, due to the absence of amylose. Important factors which promote the
retrogradation of some starch pastes like corn and wheat include;
i)

The high amylose content of the starch (about 28%)

ii)

The small molecular size of the starch amylose molecules (DP 200 – 1,200)

iii)

The high amount of lipid in the starch (0.6 – 1.0%)70
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Table 9: Rate of retrogradation of native starches, given in % by weight
of starch that is precipitated (as insoluble aggregates) from a 2%
aqueous starch solution during 0 – 30 days preservation at 0 – 2oC.
% Precipitated after
Native starch

5 days

10 days

30 days

Wheat starch

10

15

20

Potato starch

37

48

62

Corn starch

45

48

52

Tapioca starch

11

12

13

0.5

1

Waxy corn starch

0.2

Source: Collison112.

2.7.

Starch and non-starch feedstock for ethanol production
The production of ethanol for the energy market has traditionally been from corn and

sugar cane biomass.

The use of such biomass as energy feedstocks has recently been

criticized as ill – fated due to competitive threat against food supplies. A great amount of
research has been conducted on corn to achieve higher ethanol yields or to increase values of
the by-products. Wu et al.,113 studied the performance of pearl millet (Pennisetum glaucum
L.R.Br) for ethanol production using both rotatory – shaker and bioreactor fermentation
system. The study was expected to be very beneficial for fuel ethanol industry in semi-arid
rural areas by finding alternative raw materials and also provide valuable information for
breeders to modify existing pearl millet genotypes and develop new pearl millet hybrids for
industrial applications. The studies showed that fermentation efficiency of the pearl millets
were higher than that of corn.
Efficiency curves for mashes from pearl millet and corn showed that pearl millet took less
time to complete its fermentation than did corn. Wilson et al.,114 again reported the biological
and economic feasibility of pearl millet as a feedstock for ethanol production.

They

concluded that biologically and economically, pearl millet is a feasible supplemental
feedstock for dry-grind maize-to-ethanol facilities in the southeastern US.
Large quantities of starch-rich agro-industrial residues such as potato-processing
wastes represent another important resource which could be fermented to yield ethanol. For
example, an estimated 3.6 x 109kg of wet potato-processing wastes is generated annually in
the United States which is potentially convertible by fermentation into about 126 x 109
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gallons (467.9 x 109 litres) of ethanol115. Abouzied and Reddy116 reported the direct
fermentation of potato starch to ethanol by cocultures of Aspergillus niger and
Saccharomyces cerevisiae. The study was carried out to develop and evaluate a simultaneous
single-step system for the enhanced fermentation of potato starch to ethanol by using
symbiotic cocultures of Aspergilus species which hydrolyze starch to glucose and S.
cerevisiae which is non-amylolytic but efficiently ferments glucose to ethanol. The results of
the investigation showed that simultaneous fermentation of potato starch to ethanol by a
mixture of starch - digesting fungus and a non-starch- digesting sugar-fermenting organism is
feasible.

The efficiency of starch conversion to ethanol was >96% of the theoretical

maximum expected. Use of such a synergistic combination of organisms allows elimination
of the enzymatic starch hydrolysis step as currently used in many commercial processes for
ethanol production from starchy biomass, thereby significantly improving the economy of
starch fermentation to ethanol. Ocloo and Ayernor117 reported the physical, chemical and
microbiological changes in alcoholic fermentation of sugar syrup from cassava flour using
Saccharomyces cerevisiae. Results showed that pH values decreased with increased total
acidity with concomitant decreases in soluble solid contents and refractive indices of the
fermenting medium. Volatile acids (as acetic acid) increased with alcoholic fermentation.
The report concluded that fermentation of sugar syrup from cassava flour is associated with
physical and chemical changes that occur in other form of fermentation along side increased
biomass.
Vourdoubas et al.,118 carried out studies on the production of bioethanol from Carob
fruit. Carob fruit is the product of the carob tree which grows in the Mediterranean region,
usually in infertile soils, does not need cultivation care and is rich in sugars with
concentrations usually 40.0% p.w. The sugars can be extracted with hot water from the fruit
and can be fermented with Saccharomyces cerevisiae for ethanol production.
Obtaining reducing sugar from cellulosic materials as a substrate for ethanol
production is another focus of research that has been carried out by some researchers. High
levels of reducing sugars in feedstocks would positively impact on ethanol yields. Seed
companies have made great efforts to develop crop hybrids with high starch contents or
higher extractable starch contents to increase ethanol yields21. Utilizing both starch and fibre
in the grains and increasing starch loading are also the major focus to achieve high ethanol
yields. Vasquez et al.,119 reported on obtaining of reducing sugars from Kikuyu grass
(Pennisetum clandestinum) which is grown in Colombian pastures. Previous researches on
the grass indicated that it contains an appreciable quantity of starch. The report stated that
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while starch would not contribute directly to the silage fermentation, as silage bacteria cannot
ferment starch, hydrolysis of starch to sugars during wilting and prior to the establishment of
anaerobic contributions in the silo could boost the supply of sugars available for fermentation
provided there are not significant losses due to respiration120. Phonoy et al.,121 reported the
conversion of sugar cane shoots to reducing sugars. The study investigated the sugar cane
shoot pretreatment methods, physical and chemical treatments while studying the reducing
sugar from enzymatic hydrolysis of pretreated sugar cane shoot. Matsumara et al.,122 reported
on the kinetics of saccharification of raw starch by glucoamylase. A kinetic model for
saccharification of raw starch was derived by taking into account the structural features of
glucoamylase. The kinetic parameters were determined by using the results of experiments
on saccharification of raw sweet potato starch which were carried out at various substrate and
enzyme concentrations in a temperature range from 23 – 40oC. From the analysis of the
experimental results, it was concluded that the adsorption of enzymes was strongly dependent
on temperature and that two sub-sites took part in glucose inhibition, which was more
pronounced at low temperature. The proposed kinetic model successfully predicted the
progress of saccharification up to high conversion and also the progress of ethanol production
in a simultaneous saccharification and fermentation.
Although the biological process for ethanol production is the same in all the
distilleries (conversion of glucose to ethanol), the major raw materials used in ethanol plants
at different locations may be quite different. The price and availability of the raw materials
and the price of by-products are critical factors for ethanol plants to maintain profitability.
Sugar cane juice and molasses are the dominant materials for ethanol production in Brazil. In
the United States and Canada, fuel ethanol is produced primarily from corn and sorghum.
Wheat is used in Western Canada123, 6. Because the fluctuation in the market price and
availability of corn and other grains has a great impact on the operation and profit margin of
fuel ethanol plants, many ethanol plants would use alternative feed stocks for ethanol
production. Since the 1990‟s , a great amount of research has been conducted on fuel ethanol
production from other cereal grains such as wheat, barley, oats, rye and triticale124-128. Some
ethanol plants already run solely on locally available grains such as wheat, rye, sorghum or
corn. Therefore, study of the fermentability of locally available feed stock in normal ethanol
fermentation could provide more choices when the availability of materials is limited. This
could be especially helpful for small ethanol facilities in rural areas to choose the most
economic raw materials.
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2.8. Acha as a tropical food crop
Acha (Digitaria exilis Kippis. stapf and Digitaria Iburua Kippis. stapf.) is known
with other names such as fonio, findi, fundi, pom, kabuga, hungry rice and so forth in
different West Africa countries129. The crop has been described as the oldest West Africa
cereal and of great value to the natives. Purseglove130 put its cultivation history dating back to
5000 BC. The centre of origin is around the central delta of the Niger and in neighbouring
areas. The crop is rugged and grows on poor and even acidic soils with high aluminum
content, that are toxic to other crops131. It is one of the smallest cereals known. The grain is
smooth and usually yellow. The grain weight varies from 0.4 to 0.5mg132 compared to 7 –
17mg for millets133. Good yields are normally considered to be 500 – 800kg per hectare but
more than 1,000kg per hectare have been reported134. Acha is relatively drought – tolerant
thus, it has potential in regions where low rainfall and irrigation

Fig. 13: Flowering and seeding stages of Digitaria exilis.

expense present problems for the growth of crops135. Two acha types or species are
commonly recognized. The straggling and free-tillering annual of 30 to 75cm tall, that has
leaves which are linear to lanceolate and glaborous, up to 15cm long is known as Digitaria
exilis. The inflorescence of D. exilis is a terminal digitate panicle of 2 – 5 slender sessile
racemes, up to 15cm long. The spikelets are 2-flowered elliptic, oblong and acute. The seeds
are tiny and 1000 seed weight can just be 0.5g. The other species known as Digitaria Iburua
is erect but does not tiller well as D. exilis. It grows to a height of about 140 cm at maturity.
It has 2 – 11 sub digitate racemes up to 13cm long. The seeds of D. Iburua spp. are slightly
heavier than those of D. exilis with 1000 seed weight of D. Iburua weighing about 0.7 –
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0.8g136. Although it has been stated that acha seldom needs weeding due to its quick
establishment and the high seed rates applied, other sources indicate that a weeding at 4 – 5
weeks after sowing is necessary for good yields. Figure 13 shows the flowering and seeding
stages of Digitaria exilis.

2.8.1. Properties and uses
The grains have a high swelling capacity. The starches are typical of non-waxy
cereal starches with a two-stage swelling property. Granules of the starches are of the A –
crystalline type as in those of rice, wheat and corn starches with diameter in the 2.0 – 14.3μm
range137. The seed is rich in methionine and cystine and amino acids vital to human and
deficient in other cereals. The flour of acha are also mixed with other cereal flours to make
breads, popped and brewed for beer138. Fonio grain is digested efficiently by cattle, sheep,
goats, donkeys and other ruminant livestock. It is a valuable feed for monogastric animals
notably, pigs and poultry because of its high methionine content. The straw and chaff are
also fed to animals. Both make excellent fodder and are often sold in markets for this
purpose. Indeed, the crop is sometimes grown solely for hay. Acha is the world‟s fastest
maturing grain. Certain acha varieties motive 6 – 8 weeks after planting139. Another positive
attribute, perhaps due to its small sizes as well as its loss of moisture during storage (3.8%) is
that Digitaria exilis is less susceptible to attack by organisms causing storage disease. Thus,
a crop such as Acha may be advantageous in the tropics and subtropics where a huge
percentage of a cereal crop is lost during storage.

2.8.2. Acha as bioethanol feedstock
Food versus fuel has been one of the major concerns with regards to the production of
alternative fuels.

Most feedstocks are relatively expensive for ethanol production and

compete with human and animal consumption which, may lead to higher grain and sugar
price in the future. Currently corn kernel is being utilized for the production of ethanol
because it is easier and less expensive to produce ethanol

140.

Acha is another potential feed

stock. The starch of this crop is found to be high in sugar yield which will translate to high
ethanol yields. Because of lack of attention by research and extension services, the crop is
undeveloped. The USA Academy of sciences puts fonio in its 1974 priority list of under
exploited African tropical plants with promising economic value. Although very important
for its organoleptic qualities, the crop is neglected because of its low yielding capacity and its
tedious work requirement at post harvest transformation141. Reported research works on the
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use of acha have been mainly for food and pharmaceutical purposes. Nzeleibe et al.,142
reported the malting characteristics of different varieties of fonio millet (Digitaria exilis).
Five of the varieties investigated showed good malting properties. Out of the five assayed for
enzyme activities, three had a preponderance of β-amylase as the major starch-degrading
enzyme which is similar to the enzyme profile in barley. Jideani143 reported the traditional
and possible technological uses of Digitaria exilis (acha) and Digitaria Iburua (iburu). The
report concluded that the breeding of acha and iburu cultivars with good kernel properties is
critically important to their utilization, while Jideani and Jideani144 reported the development
on the cereal grains Digitana exilis (acha) and Digitaria Iburua (iburu). Muazu et al.,145
reported the evaluation of the glidant property of fonio starch and Musa et al.,146 investigated
the use of fonio starch as a tablet disintegrant.

While the brewing, malting and

pharmaceutical properties of acha have been studied else where, no documentation have been
cited or found about making fermented/alcoholic beverage from acha147. Ethanol production
from cereals such as acha may expand due to the vast land available in growing this crop in
Nigeria. The crop is not widely consumed and as such would not compete largely with
general human consumption. The net production can easily equilibrate both human and fuel
ethanol production.

2.9. Finger millet as a tropical food crop
Finger millet (Eleusine coracana) is also known with other names such as Ragi
(India), Kodo (Nepal), Uburo (Rwanda), Kurakkan (Srilanka) Bulo (Uganda), Kambale
(Zambia) and Tamba (Nigeria) etc. This African native probably originated in the highlands
of Uganda and Ethiopia, where farmers have been growing it for thousands of years. In parts
of Eastern and Southern Africa as well as in India, it became a staple upon which millions
depend. Its annual world production is at least 4.5 million tons of grain of which Africa
produces perhaps 2 million tons148. For all its importance, however, finger millet is grossly
neglected both scientifically and internationally. Compared to the research lavished on
wheat, rice and maize for instance, it receives almost none. Most of the world has never
heard of it and even many countries that grow it have left it to languish in the limbo of a
“poor person‟s crop”, a “famine food” or even worse, a birdseed149.
In recent years this neglected crop has started an ominous slide that could propel it to
oblivion even in Africa. In fact, it has declined so rapidly in southern Africa, Burundi,
Rwanda and Zaire for instance that some people predict that in a few years, it will be hard to
find-even where until recently it was the predominant cereal.

According to National
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Research council
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, this cereal is not as popular as wheat, corn, sorghum, rice, barley as

food for human consumption but they have the potential for improved production. Acha,
iburu and tamba (Eleusine corracana), a Nigerian variety of finger millet, are three under utilized African cereal grains151. Figure 14 shows the plant of Eleusine coracana while Figure
15 shows the grain of mixed colour.
Finger millet tolerates poor soils and low rainfall. It also lasts a very long time in
storage. It is said to improve in quality with storage and can be stored without damage for as
long as 50 years152. It is highly valued as a reserved food in times of famine hence, an
important plant in risk avoidance strategies. Cultivation of finger millet spread across the
Eastern and southern Africa Savanna during the expansion of iron working technology to
eventually reach South Africa some 800 years ago. In tropical Africa, it is now grown from
Ethiopia and Eritrea south to Mozambique, Zimbabwe, and Namibia. It is also recorded from

Fig 14: Finger millet (Eleusine coracana).

a low-rainfall zone from Senegal eastwards especially in Niger and northern Nigeria. Finger
millet reached India 2000 - 3000 years ago. From India, it spread across south East Asia to
China and Japan. In the United States, it is grown on a small scale for bird seed.
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Fig. 15: Finger millet- grains of mixed colour.

2.9.1. Properties and uses
Whole grain of finger millet is usually ground, resulting in a high fibre content of the
flour, making it hard to digest. For food, the white coloured grain is preferred. The more
bitter dark-coloured grain is preferred for beer-making. In malting, finger millet grains have
a higher enzyme activity than all other major cereals except barley, making it very suitable
for brewing. Finger millet straw has an in-vitro digestibility of 40 – 60%153. The principal
use of finger millet in Africa is to provide malt for making local beer and other alcoholic or
non-alcoholic beverages. In Ethiopia, a distilled liquor known as „areki‟ is produced from
finger millet. Finger millet is also widely used as a food cereal especially during times of
scarcity. The straw is used as forage for cattle, sheep and goats. It produces-excellent hay
and in India, it is cultivated as a fodder grass. In Uganda, the by-products of finger millet is
used medicinally e.g. the seed as a prophylaxis for dysentery. In Southern Africa, the juice of
a mixture of finger millet leaves and leaves of Plumbago Zey lanica L. are taken as an
internal remedy for leprosy. The straw is used for thatching and plaiting and in China for
paper making. The average finger millet grain yield under local practices of agriculture in
tropical Africa is 0.25 – 1.5 t/ha. With improved cultivars, optimal weed control and use of
fertilizers, yields of up to 5t/ha are obtained under experimental conditions. Straw yields
range from 1 – 2.5 t/ha for rainfed crops to 9t/ha for irrigated crops153. As a member of the
grass family, the plant has strap-like green leaves with parallel venation. The seed heads are
distinctive sometimes described as a goosefoot or cat claw. As a result of centuries of
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cultivation, seed heads can vary in colour and shape including curved heads on this
ornamental variety or straight heads154.

2.9.2. Finger millet as a bioethanol feedstock
Finger millet is another potential feed stock for bioethanol production. Since the crop
is highly under-utilized and not widely consumed. Its cultivation and use would provide a
very good alternative to the existing feedstocks like corn, wheat, rye, rice etc. In recent
times, finger miller has started receiving attention in Research and Development. However,
most of the reported works are in the Agricultural, botanical, pharmaceutical and in the food
and nutrition areas. Das et al.,155 reported the status of genotypic adaptation in early finger
millet genotypes while Mohanty et al.,156 reported on the plant regeneration in finger millet.
Singh et al.,157 reported the estimation of phenolic acids in different preparations of seeds of
finger millet and their possible implications in human health. Shiihii et al.,152 reported on the
physicochemical properties of finger millet starch for use as a pharmaceutical raw material.
Malleshi et al.,158 studied the aqueous ethanol extractable sugars and non-starchy
polysaccharides of finger millet, pearl millet, foxtail millet and their malts while Sripriya et
al.,159 studied the changes in carbohydrate, free amino acids organic acids, phytate and HCl
extractability of minerals during germination and fermentation of finger millet. Some of the
reported research works on millet for bioethanol production are largely focused on pearl
millet (Penniseturn glaucaum) and Pennisetum typhoides. Only a few works on bioethanol
from finger millet (Eleusine coracona) have been reported. Reddy and Reddy160 reported the
role of finger millet flour in the rapid and enhanced production of ethanol in very high gravity
(VHG) sugar fermentation by Saccharomyces cerevisiae. It was found that the finger millet
flour not only reduced the fermentation time (from 5 to 3 days) but also enhanced the ethanol
concentration from 10 to 15% (v/v) by better utilization of sugar. The report concluded that
the physical and chemical factors of finger millet may aid in reducing the osmotic stress of
high gravity fermentation as well as enhancing ethanol yield. Anthony et al.,161 reported the
effect of fermentation on the primary nutrients in finger millet. The study revealed that
fermentation decreased the starch and long chain fatty acids content. Controlled fermentation
using a mixed-culture inoculum taken from 18h and 48 h fermented millet decreased the
fermentation time markedly as measured in terms of pH and titratable acidity. Ethanol
production from cereals such as finger millet would pose a viable option for the biofuels
industry since the crop is largely consumed by the lower income group due to its abundance
and low cost162.
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2.10. Tigernut as a food crop
Cyperus esculentus (also known as Chufa sedge, yellow nut sedge, Tigernut, Sedge,
Earth almond, Aya in Hausa, Aki Hausa in Eastern/southern Nigeria, Imumu in southwestern
Nigeria) is a species of sedge native to warm temperate to subtropical regions of the Northern
Hemisphere163. Some cultivars are grown for the “nuts” (root tubers), but it is most frequently
encountered as a weed of lawns and gardens and can be easily spotted in lawns two or three
days after mowing because it regains much faster than most turf grasses164. The yellow
nutsedge (tigernut) is a perennial grass-like plant growing to 90 cm tall with solitary stems
arising from small tubers. The stems are triangular in section and bear slender leaves 3 –
10mm wide (Fig. 16). The flowers of the plant are distinctive with a cluster of flat oval seeds
surrounded by four hanging leaves positioned 90 degrees from each other. The plant foliage
is very tough and fibrous and is often mistaken for a grass. The root system can be extensive
with tubers and roots being inter connected to each other to a depth of 50 cm or more. The

Fig. 16: Tigernut (Cyperus esculentus)

tubers are connected by fragile roots that are extremely prone to snapping when pulled on
making the plant difficult to remove with its entire root system intact. Zohary and Hopf163
reported that this tuber ranks among the oldest cultivated plants in ancient Egypt. Presently,
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they are cultivated mainly at least for extended and common commercial purposes in Spain.
The nuts are also grown in Ghana, Nigeria, Burkina Faso and Mali.

2.10.1. Properties and uses
The tubers are edible with a slightly sweet, nutty flavour, compared to the more
bitter-tasting tuber of the related Cyperus rotundus (purple nutsedge). Figure 17 shows the
dried edible and nutty tubers of tigernut. They are quite hard and are generally soaked in
water before they can be eaten. They have various uses; in particular, they are used in Spain
to make Horchata (a local beverage). Tigernuts have excellent nutritional qualities with a fat
composition similar to olives. Since the tubers contain 20 – 36% oil, Cyperus esculentus has
been suggested as a potential crop for the production of biodiesel165,166. The nut was reported
to be rich in sucrose (17.4 – 20.0%), fat (25.50%), protein (8%)167. In Northern Nigeria, the
tubers of C. esculentus (tigernut) can be bought in the market all year round. The tuber is
usually eaten unprepared, soaked in water or dried and mixed with roasted peanuts. The
fresh dried tuber can also be pounded into cake and served at the end of a meal168. The

Fig. 17: Dried edible nutty tubers

weight of a fresh tuber ranges from 70mg to about 900mg, while the weight of a dried tuber
ranges from 30mg to 350mg. A dried tuber can absorb up to three times its own weight of
water. According to Oderinde and Tahir169, the Tiger nut tubers grown in Nigeria are a good
source of starch for human consumption and for Industrial use.
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2.10.2. Tigernut As a bioethanol feedstock
One of the secondary and waste products of Cyperus esculentus is starch. Tigernut
tubers are potentially a rich source of starch which may be extracted after the oil has been
removed from the tubers.
fermentation.

Chufa tubers can be used for the production of alcohol by

In Sicily, a cultivar with very high sucrose content is grown and used

commercially for this purpose170. No reported research work has been cited so far on the use
of the starch from Cyperus esculentus for bioethanol production. Most of the research focus
have been on its application as a food and the oil for biodiesel production168,165,166. Since the
tuber is rich in sucrose and has up to 38% starch, it is not widely consumed and does not
constitute a staple food in most regions of Nigeria; it would be a very good supplement for
existing bioethanol feedstock. Barminas et al.,171 identified the fast growing crop Tigernut as
a source of biodiesel. They used the transesterification process reported by Foidl et al.,172 to
produce and thereafter characterize methyl and ethyl esters from the Tigernut. They did not
however, determine the optimum transesterification process parameters of the nut. This was
later carried out by Ugheoke et al.,166.

2.11. Tacca as a tropical crop
Tacca also known with the common names such as East Indian arrow root, Fiji arrow
root, Indian arrow root, Polynesian arrow root, Tacca, Tabiti arrow root, Williams arrow root
has the botanical names Tacca leontopetaloides(L.) Kuntze. Syn. T. pinnatifida Forst, T.
involucrata schum and Thonn. It is from the family of Taccaceae. It is also incorporated into
the family of Dioscoreaceae (the yam family).
Tacca Involucrata schum and Thonn. is found throughout West Africa and extends to
Gabon, Abysnnia, Nyasaland and the Mascarene Islands. Native people sometimes eat the
starchy tuberous rhizome of this plant but nowhere does T. involucrata assume the
importance of those East Indian species which are the sources of arrow root 173. East Indian
arrow root is a perennial herb with a tuberous rhizome from which a single petiole 60 – 90cm
long arises, bearing deeply lobed leaf blades consisting of three main segments each further
divided in a pinnate manner. The fruit is an ovoid, smooth, yellowish berry about 3.5cm long
with six ribs. Two distinct types have been reported from the pacific Islands, one producing a
single large tuber, the other with a number of smaller (potato-sized tubers). Tacca was
introduced into the pacific Islands from its origin in South-East Asia very early and was
subsequently introduced throughout tropical Asia, tropical Africa and tropical Australia. Its
importance has declined; it is not cultivated in Africa and only sporadically elsewhere,
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though it has persisted throughout its range of early distribution in a wild state174, 175. Tacca
involucrata is known by the name “Gbache” by the Tiv tribe in Benue State Nigeria,
“Amorah” by the Igala tribe of Kogi State and “Amura” by a tribe in Taraba State in Nigeria.
The plant is found in the wild in Northern Nigeria and is not being cultivated176. Figure 18
shows the tacca plant.

Fig.18: Tacca leontopetaloides

2.11.1. Properties and uses
The root tuber of Tacca involucrata has been known to contain large amount of starch
as it is used locally as food in a variety of ways. It is an uncommon type among different
varieties of tuber crops. It is widely cultivated in the Northern part of Nigeria and from
analysis as a food crop of the tropical countries, it an important substance in supplying
carbohydrates for human and livestock consumption177. Its natural starch has almost zero fat
content its processing has remained unmechanized178. The tubers were in the past a staple
foodstuff in Polynesia and in the 19th century were used as a source of starch rather similar to
that of arrow root often given in the treatment of dysentery and for feeding infants. Its
industrial use includes as a material for drug production. Among the Adama Fulani of
Nigeria, the same coarse flour, along with prepared cereal flour is brought by a bride to her
new home as an indication of her ability as a house wife. Its subsidiary use includes; the wild
plants are regarded as a famine food in parts of West Africa. The demand for East Indian
arrow root (Tacca involucrata), has never been high and there seems no prospect of its
expansion in the future. In Tahiti it has been largely replaced by cassava starch in the
preparation of “Poi” (traditional food which consists of a mixture of fruit pulp and starch,
flavoured with vanilla and lemon cooked in an oven)179.
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2.11.2. Tacca as a bioethanol feedstock
Tacca involucrata is another potential feedstock for bioethanol production. The crop
is hardly cultivated (grows in the wild). It is consumed widely as a food material, hence its
subsidiary uses as a famine food. The food shortage concern expressed by most individuals
over the use of food crops for biofuels production would not apply in the case of Tacca
involucrata. Because the crop falls into the group of highly underutilized crops, information
on the crop is very minimal and highly outdated. A few research works have been reported
on the use of this crop mainly for food and pharmaceutical purposes. Ofoefule180 studied the
tabletting properties of Tacca involucrata starch.

A specie called Tacca aspera has

undergone extensive phytochemical investigation and is known to contain n-triacontanol,
castanogenin, betulinic acid, quercetin-3-O-α-arabinoside and taccalin181. Attama and
Adikwu182, studied the physicochemical properties of starch from Tacca involucrata. The
study revealed that the starch granules are predominantly oval with single, double or triple
cleft helium. It gelatinizes at 52 – 65oC and has an amylose content of 36%. Zaku et al.,176
studied the functional properties and nutritive values of Tacca involucrata. Manek et al.,183,
carried out a study to elucidate the functional properties (physical, thermal and sorption
profile) of starch granules obtained from the tubers of Tacca leontopetaloides and compared
them with a commercially available maize starch. No reported work has been cited so far on
the use of tacca specie for bioethanol production. More interest is currently being focused as
the possibilities of exploiting the vast numbers of less familiar plant sources existing in the
wild184.

Many such plants have been identified but lack of data on their chemical

composition has limited prospects for their utilization185. Most reports on some lesser-known
and unconventional crops indicate that they would be good sources of starch for both food
and industrial application and many have the potential of broadening the present narrow
feedstock base184. Starch is widely used as thickener, water binder, emulsion stabilizer,
gelling agent in food industries and as bio- ethanol feedstocks; therefore all information on
new sources of starch for industries would be of value in dealing with feedstock availability.
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2.12.

BIOGAS

2.12.1. Definition of biogas
Biogas typically refers to a gas produced by the biological breakdown of organic
matter in the absence of oxygen (anaerobic digestion). The organic waste materials include
animal wastes, agricultural wastes, municipal wastes, industrial wastes, domestic wastes,
human wastes, solid organic wastes etc187. The gas is composed of mainly methane (50 –
70%), carbondioxide (20 – 40%) and traces of other gases such as nitrogen, hydrogen,
ammonia, hydrogen sulphide, and water vapour etc188. The gas is odourless and flammable
and yields about 1,000 British thermal units (BTU) (252 kilocalories) of heat energy per
cubic foot (0.028 cubic meters) when burned189. The other type of biogas is wood gas which
is created by gasification of wood or other biomass. This type of biogas is comprised
primarily of nitrogen, hydrogen and carbon monoxide with trace amounts of methane190.
Biogas from anaerobic digestion has a density of 1.2 kg/l at atmospheric pressure
which makes it denser than air191. The gases methane, hydrogen and carbon monoxide can be
combusted or oxidized with oxygen. This energy release allows biogas to be used as a fuel.
Biogas can be used as a fuel for heating and cooking purposes. It can also be used in modern
waste management facilities where it can be used to run any type of heat engine to generate
either mechanical or electrical power.

Biogas is a renewable fuel, so it qualifies for

renewable energy subsidies in some parts of the world
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.

Table 10 shows a typical

composition of biogas.

Table 10: Composition of biogas (typical)
Compound

Chemical Formula

%

Methane

CH4

50 – 75

Carbon dioxide

CO2

25 – 50

Nitrogen

N2

0 – 10

Hydrogen

H2

0–1

Hydrogen sulphide

H2S

0–3

Oxygen

O2

0-0

Source: Anonymous192.
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2.12.2. History of anaerobic digestion
Scientific interest in the manufacturing of gas produced by the natural decomposition
of organic matter was first reported in the 17th Century by Robert Boyle and Stephen Hale,
who noted that flammable gas was released by disturbing the sediment of streams and
lakes193. In 1808, Sir Humphrey Davy determined that methane was present in the gases
produced by cattle manure194. The first anaerobic digester was built by a leper colony in
Bombay, India, in 1895. In 1895, the technology was developed in Exeter, England, where a
septic tank was used to generate gas for the sewer gas destructor lamp, a type of gas lighting.
Also in England, in 1904, the first dual purpose tank for both sedimentation and
sludge treatment was installed in Hampton. In 1907, in Germany, a patent was issued for the
Inhof tank, an early form of digester. Through scientific research, anaerobic digestion gained
academic recognition in the 1930‟s. This research led to the discovery of anaerobic bacteria,
the micro organisms that facilitate the process.

Further research was carried out to

investigate the conditions under which methanogenic bacteria were able to grow and
reproduce195. This work was developed during World War II during which, in both Germany
and France, there was an increase in the application of anaerobic digestion.

2.12.3 Benefits of biogas utilization
When biogas is utilized, many advantages arise. In North America for example,
utilization of biogas would generate enough electricity to meet up to three percent of the
continent‟s electricity expenditure. In addition, biogas could potentially help reduce global
climate change. Normally, manure that is left to decompose releases two main gases that
cause global climate change; nitrous oxide (NO2) and methane (CH4). NO2 warms the
atmosphere 310 times more than carbon dioxide and methane 21 times more than carbon
dioxide.

By converting cow manure into methane biogas via anaerobic digestion, the

millions of cows in Nigeria would be able to produce one hundred billion kilowatt hours of
electricity enough to power millions of homes across the country. Infact, one cow can
produce enough manure in one day to generate three kilowatt hours of electricity; only 2.4
kilowatt hours of electricity are needed to power a single one hundred watt light bulb for one
day196. The 30 million rural households in China that have biogas digesters enjoy the benefits
of; saving fossil fuels, saving time collecting firewood, protecting forests, using crop residues
for animal fodder instead of fuel, saving money, saving cooking time, improving hygienic
conditions, producing high quality fertilizer, enabling local mechanization and electricity
production, improving the rural standard of living and reducing air and water pollution197.
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2.12.4. Biogas and reduction in green house gas emissions
The reserviour of carbon as carbon dioxide (CO2) in the atmosphere is no longer at
steady state and is growing from year to year198. The increasing CO2 concentration in the
atmosphere which is occurring at a rate of about 1ppm per year is undeniably giving rise to
major concerns about the equilibria of our ecosystems by the year 2030. Slowing down the
green house effect is a global responsibility and is supported by the international bodies
implementing the Agenda 21 of the United Nations Conference on Environment and
Development (UNCED) in Rio de Janeiro. The concern about the contribution of CO2
emissions to the green house effect has recently been concretized by a proposal of the
European union to impose a CO2 levy of 15 European currency units (ECU) per tonne
mineral oil (e.g., gasoline, domestic fuel and heavy fuels) and 3 ECU per tonne of CO2
emitted by combusting cokes, natural gas, tar and peat199. The dumping of organic wastes in
uncontrolled land fills is being discouraged since this leads to CO2 and CH4 emissions.
Although it is known that CH4 traps heat more effectively than CO2 does, the biggest
uncertainty arises, through the green house weighting of methane200. According to the
reports, methane traps heat 4 to 5 times more effectively. This means that even in relatively
small amounts, methane can contribute significantly to the green house effect. A more
environmentally friendly alternative for the disposal of biowaste is to convert it to a stable
organic matter using aerobic or anaerobic composting processes.
When anaerobic residues are fermented in a digester, a labile fraction is converted in
a contained system to biogas. The biogas is combusted energy and CO2, thereby saving on
fossil fuel energy. The remainder of the organics matter is in some cases composed of ligninlinked organics which decomposes very slowly. Like humus in soil, their decomposition rate
can be approximated to 1 – 2% per year, which corresponds to a 50% disappearance time
(DT50) of 35 – 70 years; in other words, by subjecting organic residues to anaerobic digestion
and thus converting them, for a major part (60 – 70% reduction) to stable humus, one can
build a significant sink of organic carbon in the biosphere, releasing CO2 over a long period
of time201. Aerobic composting and incineration also abate the uncontrolled emission of CH4
gases in the atmosphere. However, aerobic composting does not allow the production of
highly hygienic residue202.

In contrast, for the case of both aerobic and anaerobic

bioconversions, about 50% of the CO2 is rapidly released while the rest is produced with a
lag-time of approximately 50 – 100 years201.

65
2.12.5 The biogas production process
The biogas production process involves the biological fermentation of organic
materials such as agricultural wastes, manure, industrial effluents in anaerobic environment
to produce methane, carbon dioxide and traces of hydrogen sulphide, hydrogen, nitrogen,
water vapour etc203.

Anaerobic digestion may be described as a three to four stage

biochemical process. Digestion refers to various reactions and interactions that take place
among the micro-organisms and substrates fed into the digester (fermentor) as inputs.
The first stage consists of micro-organisms attacking the organic matter, that is,
complex organic compounds such as cellulose and starch are converted to less soluble
organic compounds such as glucose and fructose. Polymers are transformed into soluble
monomers through enzymatic hydrolysis.

n(C6H10O5) + nH2O hydrolysis

n(C6H12O6)

……………..

1

The monomers become the substrate for the micro-organism in the second stage
where soluble organic compounds are converted into organic acids by a group of bacteria
collectively called “acid formers”.

n(C6H12O6)

acid forming bacteria

3nCH3COOH

..…………….. 2

Soluble organic acids consisting primarily of acetic acid form the substrate for the
third stage.

3nCH3COOH

methane forming bacteria

CH4 + CO2 ……………….

3

In the last step, methanogenic bacteria which are strictly anaerobic in nature can
generate methane by two different routes. One is by fermenting acetic acid to methane and
carbon dioxide, the other consists of reducing carbon dioxide via hydrogen gas generated by
other bacterial species.

CO2 + 4H2

Reduction

CH4 + 2H2O…………………………………….4.

Carbon dioxide can also be hydrolyzed to carbonic acid as follows:
CO2 + H2O

hydrolysis

H2CO3 ……………………………………………5
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The carbonic acid generated is reduced to methane and water by hydrogen as follows;

H2CO3 + 4H2 reduction

CH4 + 3H2O………………………...

6

The organic matter used in the methane fermentation generally contains volatiles and ash.
The volatile solids are made up of carbohydrates, fats, proteins, tannins etc.204. Figure 19
shows the key process stages of anaerobic digestion.

Carbohydrates

Fats

Sugar
s
Fatty acids

Proteins

Hydrogen
Acetic acid
Carbon
dioxide

Carbonic acids
and alcohols
Hydrogen carbon
dioxide ammonia

Methane
Carbon
dioxide

Methanogenesis

Amino acids
Hydrolysis

Acidogenesis

Acetogenesis

Fig. 19: The key process stages of anaerobic digestion.

There are four key biological and chemical stages in anaerobic digestion and they
include the following:

a)

Hydrolysis
In most cases, biomass is made up of large organic polymers. For the bacteria in

anaerobic digesters to access the energy potential of the material, these chains must first be
broken down into smaller constituent parts. These constituent parts or monomers such as
sugars are readily available to other bacteria. The process of breaking these chains and
dissolving the smaller molecules into solutions is called hydrolysis. Therefore hydrolysis of
these high molecular polymeric components is the necessary first step in anaerobic
digestion205. Through hydrolysis, the complex organic molecules are broken down into
simple sugars, amino acids and fatty acids.
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b)

Acidogenesis
Acetate and hydrogen produced in the first stages can be used directly by

methanogens. Other molecules such as volatile fatty acids (VFA‟s) with chain length greater
than that of acetate must first be catabolised into compounds that can be directly used by
methanogens206. The biological process of acidogenesis results in further breakdown of the
remaining components by acidogenic (fermentative) bacteria. Here, VFA‟s are created along
with ammonia, carbon dioxide and hydrogen sulfide as well as other by-products. The
process of acidogenesis is similar to the souring of milk.

c)

Acetogenesis
The third stage of anaerobic digestion is acetogenesis.

Here, simple molecules

created through the acidogenesis phase are further digested by acetogens to produce largely
acetic acid as well as carbon dioxide and hydrogen.

d)

Methanogenesis
The terminal stage of anaerobic digestion is the biological process of methanogenesis.

Here, methanogens use the intermediate products of the proceeding stages and convert them
into methane, carbon dioxide and water. These components make up the majority of the
biogas emitted from the system. The remaining indigestible material which the microbes
cannot use and any dead bacterial remains constitute the digestate.
A simplified generic equation for the overall processes outlined above is as follows:

C6H12O6

3CO2 + 3CH4

2.12.6. Factors affecting biogas production
The relative composition of biogas in terms of methane and carbon dioxide is mainly
determined first by the nature of the biodegradable portion of the biomass substrate and
secondly by the prevailing physicochemical conditions207,208. Potentially all organic waste
materials contain adequate quantities of the nutrients essential for the growth and metabolism
of the anaerobic bacteria in biogas production. However, the chemical composition and
biological availability of the nutrients contained in these materials vary with species, factors
affecting growth and age of the animal or plant waste. These are several factors that affect
the production of biogas and they include the following;

68
a)

Temperature
Temperature affects bacterial activity.

Another way of classifying bacteria is

according to their preferred temperature of operation. Psychrophilic bacteria work best at
between 10oC and 20oC (most often referred to as ambient conditions (25oC)). The other two
conventional operational temperature levels for anaerobic digesters are determined by the
species of methanogens in the digester and they are (i) mesophilic temperature range which
operates between 25oC and 40oC. Mesophiles are the primary micro-organisms present (ii)
thermophilic temperature range which takes place optimally around 45oC and 60oC or at
elevated temperatures up to 70oC.
present

Here thermophiles are the primary micro-organisms

209,210

. While anaerobic digestion is very efficient in the thermophilic range, rural

users of digesters use mesophilic bacteria because higher temperatures are difficult to
maintain211. The gas production rate roughly doubles for every 10oC rise in temperature
between 15oC and 35oC. Methanogenic bacteria are sensitive to temperature changes. A
sudden change of more than 5oC in a day can cause them to stop working temporarily,
resulting in a build-up of undigested volatile acids, the digester plant goes “sour”. This is less
of a problem in large-volume digesters where the high heat capacity of the slurry ensures that
its temperature changes slowly.

b)

pH
Micro-organisms are sensitive to pH of the digested slurry. The methanogenic

bacteria thrive best in neutral to slightly alkaline media and become inactive below pH 6.2.
In the period of fermentation, as large amounts of organic acids are produced by acid forming
bacteria, the pH inside the digester can decrease to below 5. This inhibits or even stops the
digestion or fermentation process. The methanogens start using these acids, increasing the
pH back to neutral. A working biogas plant is buffered, in other words, the acid level is
controlled by the process itself. Some of the carbon dioxide produced by the bacteria
dissolves in the water to form bicarbonate ions (HCO3) which cause the solution to become
mildly alkaline. The amount of bicarbonate in solution depends on the concentration of
carbon dioxide and the amount of acids in the slurry. The effect of this carbon dioxide
passing in and out of solution acts as a buffer to balance out small variations in the acidity of
the slurry. A measure of the stability of a digester is its alkalinity. If the pH of a digester
drops, it indicates the buffering mechanism has already failed and too much acid is being
produced, usually because the methanogenic bacteria have stopped working for some
reason211. Control of pH can be exercised by adding alkali when it drops below 6.6212.

69
c)

Carbon to nitrogen (C:N) ratio
Methanogenic bacteria need carbon and nitrogen for its survival. Carbon is required

for energy while nitrogen for building cell protein. The consumption of carbon is 30 to 35
times faster than that of nitrogen. A favourable ratio of C: N can be taken as 30:1. Any
deviation from this ratio lowers the biogas production. The measurement of total carbon and
nitrogen requires a well equipped laboratory, but values of C: N are quoted in literature for
many feedstock. Table 11 shows the typical C: N ratio of some feedstocks for biogas
production. The ratios for mixtures can easily be estimated from these values213. However,
the values of total carbon can be misleading as some of the carbon is bound up in
undigestible lignin. The nitrogen content of plant materials varies with the age of the plant
(e.g. barley straw contains 39% protein at 21 days of growth but only 4% after 86 days). In
general, the C: N ratio of dung from cattle fed with poor feeds such as straw and dry grass
tends to be too high (up to 35%). The values quoted in Western literature (20% or less) are
measured using dung from cattle that eat more protein rich foods. If the C: N ratio is high,
then gas production can be enhanced by adding nitrogen in the form of cattle urine or urea or
by fitting toilet system to the plant. If the C:N ratio is low, for example, if chicken manure is
used as feedstock, the addition of carbon such as chopped grass or water hyacinth can reduce
the possibility of toxicity from too much nitrogen affecting the bacteria.

Table 11: Carbon and nitrogen content of feedstocks
Feedstock

C:N

%N

%C

% water

Cattle dung

20 – 30

3–4

35 - 40

72 – 85

25 - 35

1-2

Horse dung

25

2

58

70 - 75

Sheep dung

20

3.8

75

68

Pig dung

14

3–4

53

82

Poultry dung

8

3.7

30 – 35

65

Human faeces

6 – 10

4–6

40

75 – 80

Human urine

0.8

15 - 18

13

95

15 – 23

1- 9

24 – 35

93 – 95

47.2

0.6

40

5 – 10

Water hyacinth
Rice straw
Note:

Comments
Grass/grain feed
Straw feed

Dried

Data for fresh dung. All dung will loose water and nitrogen on keeping,
especially if air humidity is low. Source: Fulford211.
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d)

Toxicity
Mineral ions, heavy metals and the detergents are some of the toxic materials that

inhibit the normal growth of pathogens in the digester. Small quantity of mineral ions (e.g.
Na, K, Ca, Mg, NH4 and S) stimulates the growth of bacteria while very heavy concentration
of these ions will have toxic effect.

Similarly heavy metals such as copper, nickel,

chromium, zinc, lead etc. in small quantities are essential for the growth of bacteria but their
high concentrations have toxic effects. Likewise, detergents including soap, antibiotics,
organic solvents etc. inhibit the activities of methane-producing bacteria and addition of these
substances in the digester should be avoided190. Chlorinated hydrocarbons such as chloroform
and other organic solvents are particularly toxic to biogas digestion. Care must be taken that
the feedstock used in a biogas plant has not been affected by these chemicals. Methanogenic
bacteria are not killed by toxins but switch themselves into a non-working state214. Once this
happens, volatile acids build up and the plant begins to give off a bad smell. In principle, it
is possible for a biogas plant to recover from this sour state if the pH is corrected using lime
or chalk (calcium hydroxide or calcium carbonate) and if the source of the problem is
removed215. Table 12 lists the limit concentrations (mg/L) for various inhibitors216.

Table 12: Limiting concentrations for various inhibitors of biomethanation
Substance

(mg/L)

Copper

10 - 250

Calcium

8000

Sodium

8000

Magnesium

3000

Nickel

100 – 1000

Zinc

350 – 1000

Chromium

200 – 2000

Sulphide (as sulphur)
Cyanide

200
2

Source: Werner Kossmann et al.,216.

e)

Stirring
Biogas formation is a biochemical process dependent on intimate contact between the

micro-organisms and waste materials. Therefore, it is advisable to mix the digester contents.
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If left undisturbed, scum forms at the top of the sludge and creates an obstruction. Mixing
devices used manually are suitable for stirring204.

f)

Volumetric loading rate
This is expressed as the quantity of organic waste fed into the digester per day per

unit volume (for a continuous system). In general, the municipal sewage treatment plants
operate at a loading rate of 1.0 to 1.5 kg/m3/day. Over loading and under loading reduces the
biogas production with a fixed retention time. For a desired retention period of 30 days, a
quantity equal to 1/30th of digester volume needs to be fed daily212.

g)

Solids content
In a typical scenario, three different operational parameters are associated with the

solids content of the feedstock to the digesters. They are (i) high solids (dry – stackable
substrate), (ii) high solids (wet-pumpable substrate), (iii) low solids (wet-pumpable
substrate).
High solids (dry) digesters are designed to process materials with solids content
between 25 and 40%. Unlike wet digesters that process pumpable slurries, high solids (dry –
stackable substrate) digesters are designed to process solid substrates without the addition of
water. The primary styles of dry digesters are continuous vertical plug flow and batch tunnel
horizontal digesters. Continuous vertical plug flow digesters are upright, cylindrical tanks
where feedstock is continuously fed into the top of the digester and flow down ward by
gravity during digestion. In batch tunnel digesters, the feedstock is deposited in tunnel – like
chambers with a gas-tight door. Neither approach has mixing inside the digester. The
amount of pretreatment such as contaminant removal depends both upon the nature of the
waste streams being processed and the desired quality of the digestate. Wet digesters can be
designed to operate in either a high solids content with a total suspended solids (TSS)
concentration greater than ~ 20% or a low-solids concentration less than ~ 15%.217
High solids (wet) digesters process thick slurry that requires more energy input to
move and process the feedstock. The thickness of the material may also lead to associated
problems with abrasion. High solids digesters will typically have a lower land requirement
due to the lower volumes associated with the moisture. High solids digesters also require
correction of conventional performance calculations (e. g gas production, retention time,
kinetics etc.) originally based on very dilute sewage digestion concepts, since larger fractions
of the feedstock mass are potentially convertible to biogas 218. Low solids (wet) digesters can
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transport material through the system using standard pumps that require significantly lower
energy input. Low solids digesters require a large amount of land than high solids due to the
increased volumes associated with the increased liquid-to-feedstock ratio of the digesters.
There are benefits associated with operation in a liquid environment as it enables more
thorough circulation of materials and contact between the bacteria and their food. This
enables the bacteria to more readily access the substances on which they are feeding and
increases the rate of gas production.

h)

Retention time
The period during which the biomass slurry is retained inside the digester is called

“retention time”; It refers to the volume of digester divided by the volume of slurry added per
day for a continuous process. Thus, a 120 litre digester which is fed at 5 litres per day would
have a retention time of 24 days.

It is optimized to achieve 80% complete digestion

considering ambient temperature. The retention time (or detention time) in a digester varies
with the amount and type of feed material, the configuration of the digester system and
whether it is a batch or continuous process. A digester should have a volume of 50 to 60
times the slurry added daily. The retention time is also dependent on the temperature. The
higher the temperature, the lower the retention time. In the case of single-stage thermophilic
digestion, residence times may be in the region of 14 days, which when compared to
mesophilic digestion, is relatively fast. A plug flow nature of some of these systems will
mean that full degradation of the material may not have been realized in this time scale. In
this event, digestate exiting the system will be darker in colour and will typically have more
odours. In a two-stage mesophilic digestion, residence time may vary between 15 and 40
days219. In the case of mesophilic UASB (Upflow anaerobic sludge blanket) digestion,
hydraulic residence times can be 1 hour to 1 day, and solid retention times can be up to 90
days.

In this manner, the UASB system is able to separate solids and hydraulic retention

times with the use of a sludge blanket 220.

i)

Seeding/nutrient addition
Most waste feedstocks contain both acid-forming bacteria and methane-forming

bacteria. Acid – forming bacteria multiply fast while the methane-forming bacteria grow
slowly.

To start and accelerate fermentation, seeding of methane-forming bacteria is

required. Accordingly, a small quantity of digested slurry rich in methane-forming bacteria is
added to freshly charged digester212. Addition of various additives like poultry waste, urea

73
and cattle urine also increases the anaerobic bacteria. One percent ammonium nitrate was
found to most effective in accelerating biogas production till the end of a 40 day fermentation
period204.

j)

Nature of raw materials
Any material containing food substances such as fats, carbohydrates or proteins can

be digested in a biogas plant. Feedstocks can include biodegradable waste materials such as
waste paper, grass clippings, leftover food, sewage and animal wastes. However, the rate and
efficiency of digestion of the feedstock depends on the physical and chemical form. Raw
plant material is bound up in plant cells, usually strengthened with cellulose and lignin which
are difficult to digest. In order to let the bacteria reach the more digestible foods, the plant
material must be broken down. Cattle dung is the easiest feedstock to use for a biogas plant,
it already contains the right bacteria and has been ground up by the animal‟s teeth and
subsequently broken down chemically by acids and enzymes in the animals gut. Human, pig
and chicken manure are also good but need a “starter” (seeding), such as slurry from a
working plant. Some animals such as horses and elephants are less good at breaking down
fibrous materials, so their dung contains more indigestible matter. This can be screened out
or chopped mechanically. Goat and sheep dungs are rich in nutrients221, but they are in the
form of pellets that must be broken up mechanically. These pellets are difficult to collect, so
there are few reports of their use in literature222. Raw vegetable matter usually needs to be
treated before it can be used. It can be physically chopped up or minced, or it can treated
chemically223, 224. Some plants such as water hyacinth have little lignin and so are easier to
use. One good method seems to compost vegetable matter for five days before adding it to
the plant as aerobic bacteria are better at breaking down cellulose211. Woody wastes are
exceptions, because they are largely unaffected by digestion as most anaerobes are unable to
degrade lignin. Xylophalgeous anaerobes (lignin consumers) or using high temperature
pretreatment such as pyrolysis can be used to break down the lignin.
Sewage and manure are not however the material with the most potential for
anaerobic digestion as the biodegradable material has already had much of the energy content
taken out by the animals that produced it. Therefore, many digesters operate with codigestion of two or more types of feedstock. For instance, in a farm-based digester that uses
dairy manure as the primary feedstock, the gas production may be significantly increased by
adding a second feedstock225- 227 like grass and corn (typical on- farm feedstock) or various
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organic by-products such as abattoir wastes, fats, oils and grease from restaurants, organic
household wastes etc (typical off-site feedstock).

2.12.7. Effluent slurry
Anaerobic digestion not only breaks down plant and animal materials into biogas, it
also releases plant nutrients such as nitrogen, potassium, and phosphorus and converts them
into a form that can be easily absorbed by plants with no determinental effects on the
environment228,229. These fertilizer chemicals are not removed or created in a biogas plant,
although the removal of carbon, oxygen and hydrogen as methane and carbon dioxide means
that the concentration of these other chemicals is increased. For example, protein and aminoacids in the feedstock are converted into ammonia, which forms soluble ammonium
compounds with the fatty acids230. Biogas slurry must be used correctly for its full value to
be realized. Preliminary trials of slurry in Kathmandu, at the Department of Soil Science and
Agricultural Chemistry suggested that the concentration of nitrogen in the slurry was too high
for transplanted rice seedlings which grew too fast and weakened. The presence of hydrogen
sulphide may be toxic to some plants231 especially when pig dung is used as a feedstock. If
biogas slurry is used carefully, it does make an excellent fertilizer and soil conditioner. It‟s is
odourless and does not attract flies. Most of the pathogens in the original feed are either
killed or considerably reduced in number 232,233.

2.13. Biogas plants
The biogas plant is a device that converts organic wastes into flammable gas called
biogas and into good quality organic manure under anaerobic conditions. Generally a biogas
plant is made up a digester where organic matter ferments and a gas holder where the gas
produced is stored for use in cooking, lighting and the generation of electrical or mechanical
power as may be required234. The success of any biogas plant lies in its construction,
operation and maintenance. Several types of designs of biogas plants are in existence but the
floating gas holder and the fixed dome are more popular. There is a third and fourth type of
design called the Deenbandhu and Flexible bag digesters; however, these are not too popular.

2.13.1. Floating drum (constant pressure) biogas plant.
The flooding steel drum design has formed the basis of the Khadi village industries
commission program (KVIC) in India since the 1950‟s. It was standardized in 1961212. It
was originally developed in Bombay by Mr. J. J. Patel, who called it Gramalaxmi III
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design235. It is now more commonly called the Indian design. It comprises an underground
cylindrical masonry digester having an inlet pipe for feeding animal slurry and an outlet pipe
for sludge. There is a steel dome for gas collection which floats over the slurry. It moves up
and down depending on accumulation and discharge of gas guided by the dome guide shaft.
Figure 20 shows the floating drum biogas plant (KVIC model). A partition wall is provided
in the digester to improve circulation, necessary for fermentation. The floating gas holder
builds gas pressure of about 10cm of water column, sufficient to supply gas up to 100 meter.
Gas pressure also forces out the spent slurry through a sludge pipe212.

Fig. 20: Floating drum biogas plant (KVIC model).

2.13.2. Fixed dome (constant volume) biogas plant
This is an economical design where the digester is combined with a dome shaped gas
holder. The fixed dome design is the basic design used in China. It is an underground
digester pit lined with brick or concrete with a dome-shaped cover also made from brick or
concrete placed over it. It is also known as the Janata model212. The composite unit is made
of brick and cement masonry having no moving parts thus ensuring no wear and tear and
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longer working life. When the gas is produced, the pressure in the dome changes from 0 to
100cm of water column. It regulates gas distribution and out flow of spent slurry. A second
pit, the slurry reservoir is built above and to the side of the digester. As gas is given off by
the slurry, it collects in the dome and displaces some of the slurry into the reservoir. As gas
is used, the slurry flows back into the digester to replace it. This system of gas storage is
called the displacement principle. Figure 21 shows the fixed dome digester design. The
Chinese use a range of different shapes for their digesters ranging from a fully spherical
container to a flat-roofed rectangular one236. The rectangular shape was used early in the
Chinese programme but proved unreliable as the corners were difficult to make leak-tight.
The most commonly used shape has a roof and a floor made as segments of a sphere joined
by a cylindrical or conical section211.

Fig. 21: Fixed dome biogas plant (Janata model).

2.13.3. Deenbandhu biogas plant (DBP)
This biogas plant has developed by AFPRO (Action for food production) with the
objective to extend the biogas technology to places where the availability of bricks is a
limiting factors and bamboo is easily available. Its cost is reduced as the surface area is
minimized by joining segments of two different diameter spheres at their bases. The plant
requires less space being mainly underground. It is 30% economical compared to the Janata
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biogas plant (fixed dome). After intensive trial and testing, it has been approved for family
size installation211.

The main feature of the Deenbandhu biogas plant is the fixed

underground digester chamber constructed with a layer of bricks and an additional layer of
cement mortar forming the roof above. Connected to the underground chamber is an inlet
tank through which manure is fed into the plant. The manure then ferments separating the
slurry from the methane gas which rises and collects at the top of the digester tank, and is
released through the gas outlet pipe. The slurry passes into the outlet tank where it is ejected
from the plant and can be used as fertilizer237. Figure 22 shows the Deenbandhu biogas plant.

Fig. 22: Deenbandhu biogas plant.

2.13.4. Flexible bag biogas plant
The flexible bag biodigester was developed in Taiwan in the 1960‟s and is now
creating interest in mainland China. The original design uses a long cylindrical bag (shaped
like a sausage) made of plastic supported in a trench lined with masonry, concrete or
compacted sand or mud. The slurry fills the lower two-thirds portion of the bag and the gas
collects above it. As the biogas is used, the bag collapses like a balloon being emptied of air.
Figure 23 shows the example of a flexible bag biodigester. A variant uses a masonry or
concrete-lined trench to contain the slurry with a flexible tent – like roof. The edges of the
roof are held down to the edges of the trench with clips or poles passing through loops in the
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plastic. The tent design has been exhaustively tested at Cornel University in USA238. It has
been built for farmers in CortD‟voir and is becoming more popular in Taiwain239. The tunnel
plant, which has been made and tested by DCS in Nepal, could be considered a version of the
bag digester. It has a roof made of concrete arch pieces lined with plastic sheeting. The gas
storage system uses the displacement principle, so the plastic lining is kept inflated against
the concrete roof.

Fig. 23: Flexible bag biodigester.

2.13.5. Upflow anaerobic sludge blanket (UASB) reactor
Anaerobic granular sludge bed technology refers to a special kind of reactor concept
for the „high rate‟ anaerobic treatment of waste water. The concept was initiated with upflow
anaerobic sludge blanket (UASB) reactor. A scheme of a UASB is shown in Fig. 24 below.
From a hard ware perspective, a UASB reactor is at first appearance like an empty tank (thus
an extremely simple and inexpensive design). Waste water is distributed into the tank at
appropriately spaced inlets. The waste water passes upwards through an anaerobic sludge
bed where the microorganisms in the sludge come into contact with waste water-substrates.
The sludge bed is composed of microorganisms that naturally form granules (pellets) of 0.5
to 2 mm diameter that have a high sedimentation velocity and thus resist wash outs from the
system even at high hydraulic loads. The resulting anaerobic degradation process typically is
responsible for the production of gas (e.g. biogas containing CH4 and CO2). The upward
motion of relased gas bubbles causes hydraulic turbulence that provides reactor mixing
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without any mechanical parts. At the top of the reactor, the water phase is separated from
sludge solids and gas in a three-phase separator (also known as the gas-liquid-solids
separator). The three-phase separator is commonly a gas cap with a settler situated above it.
Below the opening of the gas cap, baffles are used to deflect gas to the gas-cap opening. This
process was developed by Dr. Gatze Lettinga in the late 1970‟s at the Wageningen University
(The Netherlands)240.

Fig. 24: Upflow anaerobic sludge blanket (UASB) reactor process schematics

2.14. Configuration
Anaerobic digesters can be designed and engineered to operate using a number of
different process configurations; (i) Batch or continuous (ii) Temperature-mesophilic or
thermophilic (iii) Solids content – High solids or low solids (iv) complexity-single stage or
multistage.
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2.14.1. Batch or continuous
Anaerobic digestion can be performed as a batch or continuous process. In a batch
system, biomass is added to the reactor (digester) at the start of the process. The reactor is
then sealed for the duration of the process. A typical example is the use of the fixed dome
and floating drum biogas plants. In its simplest form, batch processing needs inoculation
sometimes with already processed material to start the anaerobic digestion241. In a typical
scenario, biogas production will be formed with a normal distribution pattern over time.
Operator can use this fact to determine when the process of digestion of the organic matter
has completed. A more advanced type of batch approach has limited the odour issues by
integrating anaerobic digestion with in-vessel composting. In this approach, inoculation
takes place through the use of recalculated degasified percolate. After anaerobic digestion
has completed, the biomass is kept in the reactor which is then used for in-vessel composting
before it is opened. There can be severe odour issues if a batch reactor is opened and emptied
before the process is well completed. As the batch digestion is simple and requires less
equipment and lower levels of design work, it is typically a cheaper form of digestion. Using
more than one batch reactor at a plant can ensure constant production of biogas.
In a continuous digestion process, organic matter is constantly added (continuous and
complete mixed) or added in stages to the reactor (continuous plug flow; first in, first out).
Here, the end products are constantly or periodically removed, resulting in constant
production of biogas. A single or multiple digesters in sequence may be used. Examples of
this form of anaerobic digestion include; continuous stirred tank reactors, up flow anaerobic
sludge blankets (UASB), expanded granular sludge beds and internal circulation reactors.

2.14.2. Complexity
Digestion systems can be configured with different levels of complexity. In a singlestage digestion system (one stage), all of the biological reactions occur within a single, sealed
reactor or holding tank. Using a single stage reduces construction costs, but results in less
control of the reactions occurring within the system.

Acidogenic bacteria, through the

production of acids, reduce the pH of the tank. Methanogenic bacteria as outlined earlier
operate in a strictly defined pH range242. Therefore, the biological reactions of the different
species in a single-stage reactor can be in direct competition with each other. Another onestage reaction system is an anaerobic lagoon. These lagoons are pond-like, earthen basins
used for the treatment and long-term storage of manures243. In a two stage digestion system
(multistage), different digestion vessels are optimized to bring maximum control over the
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bacteria communities living within the digesters. Acidogenic bacteria produce organic acids
and more quickly grow and reproduce than methanogenic bacteria. Methanogenic bacteria
require stable pH and temperature to optimize their performance244.

Under typical

circumstances, hydrolysis, acetogenesis and acidogenesis occur within the first reaction
vessel. The organic material is then heated to a required operational temperature (either
mesophilic or thermophilic) prior to being pumped into a methanogenic reactor. The initial
hydrolysis or acidogenesis tanks prior to the methanogenic reactor, can provide a buffer to
the rate at which feedstock is added. Some European countries require a degree of elevated
heat treatment to kill harmful bacteria in the input waste. In this instance, there may be a
pasteurization or sterilization stage prior to digestion or between the two digestion tanks.
Notably, it is not possible to completely isolate the different reaction phases and often some
biogas is produced in the hydrolysis or acidogenesis tanks.

2.15. Digester design parameters
When biogas digester is to be designed, the main variable to be defined is its internal
volume. The amount of gas produced depends on the volume of slurry in the pit. The
digester volume is related to two other parameters, the retention time (R) measured in days)
and the feed rate. For a batch digester, the retention time is simply the time the slurry has
been left in the pit. For a continuous digester, it is given by the volume of the digester pit (V,
m3), divided by the volume of the daily feed (V, m3/day).
R = V days…………………………………………………………………(1)
v
The volume feed rate (v) is given by the mass of total solids (m, Kg) fed daily divided by the
proportion of total solids in the mixed slurry (assuming the density of feed is 1000 kg/m3).

v= m
TS X 1000

or

v=

m
TS % X 10

m3/day……………………….(2)

The retention time is always a compromise between gas production rate and
efficiency. If the supply of feed is limited and the temperature is low (less than 20oC), the
retention time should be as long as possible (up to 100 days) to get the maximum gas from
the feed. Long retention times also allow less digestible materials in the feed to be broken
down. The volume of the plant will be large, though making the cost high. If the feed is in
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plenty supply and the temperature can be kept high (30oC), a retention time of 10 days is
possible, given a high rate of gas production. Special high rate thermophilic reactors can
have retention times down to one or two days but these are very expensive to build and
operate. At low temperatures, it is important to keep the retention time long, as the bacteria
grow more slowly. If the bacteria are removed with the spent slurry faster than they can
replace themselves in the digester pit, “washout” occurs and the plant will fail. As the
methanogen‟s multiply more slowly than acid-forming bacteria, the main symptom of wash
out is the plant becoming sour. The plant may recover if feeding is stopped for a time. The
loading rate (r, kg. VS/m3/day) of digester is defined as the mass of volatile solids added each
day per unit volume of digester. It is related to the mass feed rate.

r = m x VS
v

or

r = m x VS% Kg VS/m3/day…………………….(3)
v x 100

Typical values for the loading rate are between 0.2kg.VS/m3/day and 2.0kg.VS/m3/day211.

2.16.

Biogas applications

2.16.1. Biogas upgrading
Raw biogas produced from digestion is roughly 60% methane and 30% CO2 with
trace elements of H2S and is not high in quality enough for use in machinery and appliances.
It is better used as it is for cooking purposes. The corrosive nature of H2S alone is enough to
destroy the internals of an expensive plant. The solution lies in the use of biogas upgrading
or purification process whereby contaminants in the raw biogas stream are absorbed or
scrubbed, leaving 98% methane per unit volume of gas. There are four main methods of
biogas upgrading and these include, water washing, pressure swing absorption, selexol
absorption and amine gas treating. Kapdi et al.,245 reviewed the various methods of biogas
scrubbing, compression and storage.

These include physical and chemical absorption,

adsorption on a solid surface, membrane separation, cryogenic separation and chemical
conversion. One of the easiest and cheapest methods involves the use of pressurized water as
an absorbent. The raw gas is compressed and fed into a packed bed column from bottom;
pressurized water is sprayed from the top. The absorption process is thus, a counter-current
one. This dissolves CO2 as well as H2S in water which are collected at the bottom of the
tower. The water could be recycled to the first scrubbing tower246. This is perhaps the
simplest method for scrubbing biogas. It takes roughly between 3 – 6% of the total energy
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output in gas to run a biogas upgrading system. Vijay et al.,247 reported the development of a
biogas scrubbing and bottling system for production of Bio – CNG to substitute compressed
natural gas used in automobile and transport applications.

2.16.2. Biogas for electricity generation
Biogas can be utilized for electricity generation on sewage works. Cogeneration (also
combined heat and power CHP) is the use of a heat engine or a power station to
simultaneously generate both electricity and useful heat. In CHP gas engine where the waste
heat from the engine is conveniently used for heating the digester, cooking, space heating,
water heating and process heating, biogas can also be utilized. If compressed, it can replace
compressed natural gas for use in vehicles where it can fuel an internal combustion engine or
fuel cells and is a much more effective displacer of carbon dioxide than the normal use in onsite CHP plants248.

2.16.3. Biogas lamps
Biogas can be applied to lamps in areas without electricity. However, biogas lamps
are not very energy-efficient. This means that they also get very hot. The bright light of a
biogas lamp is the result of incandescence i.e the intense heat-induced luminosity of special
metals, of rare earth metals like thorium, cerium, lanthanum etc at temperatures of 1000 –
2000oC. It is important that the gas and air in a biogas lamp are thoroughly mixed before
they reach the gas mantle and that the air space grand the mantle is adequately warm249. A
gas lamp gives the same illumination as a 40 to 60w electric light bulb and uses between 90
liter and 80 liter of gas per hour211.

2.16.4. Biogas in transport
If concentrated and compressed, biogas can also be used in vehicle transportation.
Compressed biogas is becoming widely used in Sweden, Switzerland and Germany. A
biogas-powered train has been in service in Sweden since 2005.

Biogas also powers

automobiles and in 1974 a British documentary film entitled “Sweet as nut” detailed the
biogas production process from pig manure and how the biogas fueled a custom adapted
combustion engine. In 2007, an estimated 12,000 vehicles were fueled with upgraded biogas
worldwide, mostly in Europe249.
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2.16.5. Biogas stoves for cooking
The traditional method for using biogas is mainly for cooking where the gas is
utilized in situ without upgrading. The trace gas in the biogas does not affect the biogas
stove. There are many designs of different stoves that are available. Several manufacturers
in India, such as Patel Gas Crafters (Pvt) in Bombay are supplying stoves to the KVIC and
other biogas programmes. There are different aspects of a stove that have to be considered
when it is being designed or when different stove designs are compared. A burner mixes gas
and air in the correct proportions and feeds the mixture to a burner head, which supports the
flame under the vessel to be heated. The flow of gas into the burner is controlled by the size
of the main jet as well as the gas pressure. Most stoves are designed for a standard pressure
of 75 mm WG, the pressure from a drum plant. The most popular size of domestic burners
uses about 450 liter of gas per hour, at this pressure giving a heat output of 9680 kJ/hr. This
would heat 1 litre of water from 20oC to boiling point in about four minutes, assuming a 55%
efficiency211.

2.17.

Feedstocks for biogas production
Potentially, all organic waste materials contain some quantities of nutrients essential

for the growth and metabolism of anaerobic bacteria in biogas production. Again, every
biodegradable material will produce biogas but the quantity and quality of gas produced will
vary depending on the feedstock used. Some feedstock have been identified as very good
biogas producers including most animal wastes while most plant wastes have been noted as
poor biogas producers because of the presence of lignin, plant wax, cellulose and
hemicelluloses in the plant structures. Therefore when pre-treated or subjected to either codigestion with the better producing wastes or chemically treated, these plant wastes have been
observed to increase their biogas production. These have been attributed to the synergy in
operation between the wastes being co-digested250-252.

2.17.1. Animal wastes
The traditional biogas production has been from animal wastes. This is as a result of
the easier biodegradability and relative abundance of the wastes in the environment. A lot of
animal wastes have been researched on for biogas production, both as single wastes and in
blneds‟co-digestion with other animal/plant wastes. Maishanu and Maishanu253 reported the
influence of inoculum age on biogas generation from cow dung. The inocula prepared and
used after 1 – 4 weeks was studied and it was found that the 4 week old inocula gave the
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highest total gas production of 4920 ml but with the longest retention time of 112 days. A
comparative study of biogas production from horse, goat and sheep dung was reported by
Zuru et al.,254. There was no significant difference in the mean biogas yield from sheep and
goat whereas the yield from the horse dung was significantly lower. Other works have been
studied extensively using various animal wastes for biogas production 255,256.

2.17.2. Plant wastes
Plant wastes have been identified as another source/feedstock for biogas production.
They exist as peels, litters, grasses which pose as environmental pollutants. They are relatively
abundant and are biodegradable. However, the rates of biogas production from them have been
reported to be slow and the quantity of biogas generated low. They need supplements in the
form of chemical treatments with alkaline materials (like local potash, wood ash etc) or they
can be co-digested with animal wastes for better yields of biogas. Plant wastes are generally
acidic in nature due to the presence of some toxic substances in the plant structures. A lot of
plant wastes have been utilized for biogas production effectively. Bori et al.,257 reported the
biogas production from Banana and Plantain peels. The report stated that the highest volume of
biogas was obtained from the variant containing equal quantities of plantain and banana peels.
Ofoefule and Onukwuli258 reported the biogas production from blends of Bambara nut (Vigna
substerranea) chaff with some animal and plant wastes. Kivaisi and Mtila259 reported the
production of biogas from water hyacinth (Eichhornia crassipes) in a two-stage bioreactor.
Other works on biogas production from other plant wastes include those from rice husks,
cassava peels, field grass, leaf liter etc260,252,223,224.

2.17.3. Industrial wastes
Industrial wastes present another veritable source of materials as feedstock for biogas
production. This also presents a lee way for the utilization of the wastes emanating from their
production processes both for supplementary energy generation and for effective waste
management. There are so many small scale processing industries scattered all over the rural
and suburban areas, and as such biogas production from their wastes would also address the
socio-economic welfare of the populace.
Several research works have also been carried out on biogas production from
Industrial wastes. Ezeonu et al.,261 carried out studies on the optimal conditions for digestion
of brewers spent grain (BSG) biomethanation, while Uzodinma et al.,262 reported the biogas
production from blends of powdered rice husk with some agro-industrial wastes. Other
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industrial wastes used for biogas production include carbonated soft-drink sludge, palm oil
sludge, cassava waste water etc263-265.

2.17.4. Municipal solid wastes (MSW)
Municipal solid wastes are another set of feedstocks for biogas production. The
increasing worldwide industrialization, urbanization and population explosion in the major
metropolitan cities have significantly affected the amount of wastes generated from
municipal solid wastes (MSW). There is an increasing world wide interest in the effective
utilization of municipal solid wastes as an avenue of reducing its high cost of clearing. They
can be converted into a medium grade fuel (biogas) to reduce its nuisance value to the
environment. Ojolo et al.,266 studied an analytical approach for predicting biogas generation
in a municipal solid waste anaerobic digester. Elango et al.,267 reported also the production of
biogas from municipal solid waste with domestic sewage while Glass et al.,268 studied the
biogas production from stream process waste water carrying the organic fraction of municipal
solid waste. Ofoefule et al.,269 reported the biogas production from printing paper waste and
its blend with cow dung.

2.17.5. Others
The methane - producing potential of various agriculturally sourced and industrial
feedstocks have been examined and has the advantages of co-digestion to improve carbon-tonitrogen ratios, and the use of pre-treatments and additives to improve hydrolysis rates or
supplement essential nutrients which may be limiting.
With the increasing popularity of biodiesel, there has been an increase in production
of crude glycerol as a by-product. This increase has flooded the market and has driven the
price of glycerol down. Over the past three (3) years, the price of glycerol has fallen from
$0.95/lb in 2003 to $0.49/lb in 2005270.
Hartenbower et al.,270 studied the effect of three different types of glycerol on the
performance of upflow anaerobic sludge blanket (UASB) reactors in treating potato
processing waste water. High chemical oxygen demand (COD) removal efficiencies were
obtained in both control and supplemented UASB reactors (around 85%). By adding 2 ml
glycerol per litre of raw waste water, the biogas production was increased by 0.741 ml-1
glycerol product which leads to energy values in the range of 810 – 1270 kWh electricity per
m3 product. According to the investigation, a better in-reactor biomass yield was observed
for the supplemented UASB reactor (0.012 g VSSg-1 COD removed) compared to the UASB
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control (0.002 g VSSg-1 COD removed), which suggests a positive effect of glycerol on the
sludge blanket growth.

The feasibility of adding crude glycerol to anaerobic digesters

treating sewage sludge in waste water treatment plants was studied in both batch and
continuous experiments at 35oC by Fountoulakis et al.,271. Glycerol addition can boost
biogas yields if it does not exceed a limiting 1% (v/v) concentration in the field. Any further
increase of glycerol causes a high imbalance in the anaerobic digestion process. The reactor
treating the sewage sludge produced 1106± 36 ml CH4/day before the addition of glycerol
and 2353± 94 ml CH4/day after the addition of glycerol (1%v/v in the feed). The extra
glycerol – COD added to the feed did not have a negative effect on reactor performance but
seemed to increase the active biomass (volatile solids) concentration in the system271. Batch
kinetic experiments showed that the maximum specific utilization rate (mu max) and the
saturation constant K(S) of glycerol were 0.149 ± 0.015h-1 and 0.276 ± 0.095 g/l, respectively.
Comparing the estimated values with the kinetic constants for methyl propionate reported in
literature, it can be concluded that glycerol uptake is not the rate – limiting step during the
process.
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CHAPTER 3
EXPERIMENTALS
3.0. BIOETHANOL
3.1. Materials and equipments
The tacca tubers were obtained from a village in Benue state of Nigeria. The finger millet
was procured from the local market at Nsukka. The acha grains were procured from Abuja
while the tigernut tubers were procured from Enugu Town. The malted barley utilized as the
source of enzyme was obtained from Nigerian Breweries Plc, 9th mile corner, Enugu state.
The chemicals utilized for the reducing sugar measurements were procured from a local
supplier and were used without further purification.
Equipments utilized include; Thomas Willey laboratory mill model „4‟ equipped with
0.25mm sieve, Heating mantle (1 liter capacity, Sunbim, India), hot plate stoves, digital
weighing balance (Ohaus, Adventurer, model- AR 3130), digital pH meter (Jenway 3510),
hydrometer, specific gravity bottles, Abbe refractometer, Autoclave (Equitron – Medical
Instruments Mfg. Co, Model – 740657. 18. 153), Centrifuge (80 – 2B), Oven (Memmert, UK,
Model – HBTOV 14 – 23), Solar dryer (constructed at The National center for Energy
Research and Development, UNN), Oxygen Bomb calorimeter (XRY – 1A: Shanghai
Changi, China), Heizung, heating chauffage / coolant (HAAKE, Type F4391, No: 761060),
digital spectrophotometer (Jenway, 6305).

3.2

Extraction of starches
The starches from the four feedstocks (tacca, millet, acha and tigernut) were extracted

using different methods depending on their different natures.

3.1.1

Extraction of starch from tacca
The extraction of the starch from this feedstock was carried out by wet milling

according to the method of Kunle et al., 272. Tacca involucrata is a tuber, therefore, the starch
from it was extracted as follows: the tubers (6.1 kg) were washed and peeled to remove the
epiderm. The peeled bulks were thoroughly washed with clean water, cut and sliced into
small pieces. They were milled with mechanical grinder to break down the plant cells,
thereby releasing the starch granules. The resultant paste was sieved with 0.25mm mesh to
extract the starch using some quantity of water.

The water from the resulting starch

suspension was removed by allowing the starch to sediment by gravity and decanting of the
water. The sedimented starch was squeezed in a muslin cloth bag to remove the water,
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leaving the starch in cakes. It was then allowed to dry by the use of solar dryer for a period of
4 days. This ensured thorough drying of the starch. The starch which was in caked form was
dry milled with an electronic blender, a treatment that reduced it to a very fine powdery
starch. The resulting starch flour was sieved through 150 μm vibrational screens, weighed
and stored dry for subsequent use. This gave a yield of 30%.
.
3.1.2

Extraction of starch from finger millet
This was carried out by a combination of dry and wet milling method according to the

method of Takeda et al., 273. The dry grains (3.65 kg) were threshed several times using a
tray to remove stones and other impurities. It was dehulled using the traditional corn mill
grinder to speed up the absorption of water by the material. The dehulled grains were washed
with water and soaked for three (3) days after which they were drained. It was subsequently
milled to a paste using the same traditional corn grinder to release the starch granules. It was
sieved with water using a muslin cloth to extract the pure starch. The starch/water mixture
was left to sediment by gravity for some hours. The water layer was carefully decanted. The
starch containing little amount of water was put in a cotton cloth bag, squeezed and kept to
expel more water. The resulting starch lump was broken into small bits and dried using solar
dryer for a period of five (5) days. This brought about thorough even drying of the starch. It
was further dry-milled with an electronic blender to reduce the starch lumps to a very fine
powdery flour. The starch flour was again sieved with 0.25 μm mesh to obtain the finest
powdery starch. It was weighed and stored dry for subsequent use. This gave a yield of 91%.
.
3.1.3: Extraction of starch from acha
This extraction was carried out using the wet milling method273. The acha grains
(3.68 kg) was soaked for three (3) days while changing the water daily to avoid bad odour. It
was then milled with the traditional corn grinder. It was sieved with water using a muslin
cloth. The starch-water mixture was allowed to settle by gravity for some hours. The
supernatant was decanted. The remaining starch with some quantity of water was poured into
a cotton cloth bag, squeezed and pressed severally to expel the remaining water.

The

resulting starch lumps were broken into small pieces/bits and dried in a solar dryer for a
period of five (5) days. This ensured thorough and even drying of the starch. It was further
dry-milled with an electronic blender to reduce the starch lumps to a very fine powdery flour.
The starch flour was again sieved with 0.25 μm mesh to obtain the finest powdery starch. It
was weighed and stored dry for subsequent use. This gave a yield of 90%.
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3.1.4

Extraction of starch from tigernut
The extraction of starch from Tigernut was carried out in a completely different

manner from the other three above. In the course of using the traditional wet milling method,
it was discovered that the feedstock contained some appreciable quantities of oil which was
interfering with the starch extraction. The dried tigernut (4.5 kg) was threshed to remove the
bad ones and other impurities. The nuts were milled to a coarse form. The resulting meal was
dried in a solar dryer for a period of seven (7) days to remove the moisture in the nuts. Oil
was extracted from the meal in batches with petroleum ether using an extraction column. The
de-oiled meal was left in the open for two (2) days to dry off the residual solvent. The deoiled, solvent-free meal was subsequently milled and sieved concomitantly using a laboratory
mill equipped with 0.25 μm sieve. This gave a resulting fine powdery starch while leaving
the husk/fibre behind169. The starch flour was weighed and stored dry for subsequent use.
This gave a yield of 10%.

3.2.

PROXIMATE ANALYSIS OF STARCH FEEDSTOCKS

3.2.1. Determination of moisture content
The hot oven air method of Association of Official Analytical Chemists (AOAC)274
was adopted for this analysis. Porcelain crucibles were washed and dried in an oven at 100oC
for 30 min. These were allowed to cool in the dessicators. Different starch feedstock (2 g)
were placed into weighed crucibles and placed in an oven at 105oC for 4 h. The samples
were removed from the oven after this and were cooled and weighed. The drying was
resumed and all the crucibles with the samples were re-weighed until a constant weight was
obtained. The percentage moisture was calculated from the loss of weight of the sample
using the following formula;

W1 - W2
W1

x

100
1

Where W1 = wt of the original sample
W2 = wt of final dried sample

3.2.2. Determination of ash content
This was also carried out using the standard method by AOAC274. A silica dish was
heated to 600oC and weighed. The starch samples (2 g) each were transferred into the dish
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and weighed. The dish was placed in a muffle furnace and heated (ashed) at a temperature of
600oC in a furnace for 3 h, and allowed to cool. Percentage ash content was calculated using
the formula below:

% Ash =

Weight of ash
X
Weight of fresh sample

100
1

3.2.3. Determination of crude fibre
This was also carried out according to the method outlined by AOAC274. Pre-heated
sulphuric acid (0.225M, 150 ml) was added to 1.5 g of each of the starch sample (W1) and
then heated to boiling for 30 min and filtered. The residue was washed three times with hot
water. To this was added pre-heated NaOH (0.223M, 150 ml) and heated to boiling. Some
drops of antifoaming agent were added, boiled slowly for 30 min and then filtered. The
residue was washed three times with hot water and another three times with acetone. It was
dried at 103oC for 1 h weighed (W2) and heated at 500oC and then weighed again (W3).
Percentage fibre was calculated using the formula as shown below:
% Fibre = W2 – W3 x
W1
Where W1

100
1

=

weight of the starch sample

W2

=

weight of residue after drying at 103oC

W3

=

weight of ash

3.2.4. Determination of crude fat content
This was determined using soxhlet extraction method described by Pearson275 Soxhlet
fat extraction method involves continuous extraction of oil/fat in a sample with non-polar
organic solvent such as petroleum ether for about 1 h or more depending on the volume of the
sample. An extraction flask was thoroughly washed and dried in hot oven for 30 min. It was
placed in a dessicator to cool. Starch samples (2 g) were weighed and transferred into a rolled
ashless filter paper and then placed inside the extractor thimble, which was placed inside the
soxhlet extractor. Some petroleum ether, about ¾ volume of the flask was added. The
apparatus was set up and then heated and allowed to run for 4 h. The ether was recovered at
the end of the extraction before the thimble was removed. The oil collected in the flask was
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dried at 100oC in an oven and then weighed. The percentage (%) fat content was calculated
using the following formula;
% Fat = C – B x 100
B
1
Where:
B = Weight of sample
C = Weight of flask + oil after drying

3.2.5. Determination of crude protein/nitrogen content
This was carried out using the micro-Kjeldahl method described by Pearson275. The
method involves estimation of the total nitrogen in the sample and subsequent conversion of
the nitrogen to protein with the assumption that all the protein in the samples are present as
nitrogen. Using a conversion factor of 6.25, the actual percentage of protein in the sample
was calculated as:

% crude protein = % nitrogen x F
Where:
F

=

conversion factor (6.25)

Micro-Kjedahl digestion/distillation apparatus and 50 ml Kjeldahl flasks were utilized in
carrying out the analysis.

Digestions: Samples (2 g) were weighed in Kjeldahl flasks. Catalysts such as sodium
sulphate and copper sulphate were added in the flask in the ratio of 3:1. Oxidizing agent
(conc. H2SO4, 15 ml) was added, glass beads were added to prevent bumping during heating.
Heating was carried out cautiously on a digestion rack under fume cupboard until a greenish
clear solution appeared. The digest was allowed to clear for about 30 min, it was heated for
another 30 min and allowed to cool. About 10 ml of distilled water was added to avoid
caking after which the digest was transferred with several washings into a 25 ml volumetric
flask and made up to the mark with distilled water.

Distillation of the protein: A 50 ml receiver flask containing 5 ml boric acid (methyl red
and blue indicator) were placed under the condenser of the distillation apparatus so that the

93
tip was 2 cm inside the indicator. A 10 ml of 40% NaOH solution was added to the digested
sample in the apparatus through the funnel stop cork. Closing the steam by-pass and opening
the inlet stop cork on the steam jet arm of the distillation apparatus started off the distillation.
The distillate was collected in the conical flask (35 ml) with its indicator – methyl red and
blue. Titration was then carried out using 0.01M HCl to first pink colouration.

The

percentage of nitrogen and protein were calculated using the formula below;

% nitrogen (N) = Titre x 0.0014 x 250
x
Weight of original sample

% crude protein

=

100
1

% N x 6.25

3.2.6. Determination of calorific value (energy content)
This was carried out using the AOAC bomb calorimetric method274. It involves
igniting the waste sample in adiabatic oxygen bomb calorimeter (under a high pressure of
oxygen gas, usually 25 atmospheres).

This helps to bring about oxidation of organic

constituent of the waste sample to water and carbon dioxide while oxidizing some elements
such as S, N and P with resultant release of heat energy. The heat energy released is
absorbed by the water surrounding the bomb calorimeter and gives rise to increase in
temperature of the water which is then used to estimate the energy/calorific value of the
sample. Known quantities of the samples were pelleted and burnt in adiabatic oxygen bomb
calorimeter. The heat of combustion were calculated as the gross energy of the samples.
Calorific value (W) = ΣΔT – Ø – V
M
Where;
ΔT

=

Net corrected temperature rise in degree C

Ø

=

Correction for heat of combustion of fining wire

V

=

Volume of standard alkali solution

M

=

Mass of the sample being analyzed/evaluated
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3.2.7

Determination of fructose
This was carried out according to Pearson method275. Starch samples (l g) each were

weighed out, macerated with 50 ml distilled water and filtered. 1 ml of the filterate was
pipetted into a flask. 1 ml of reagent B (50 ml conc HCl + 10 ml distilled water) and 1 ml of
reagent A (50 mg resorcinol dissolved in 50 ml ethanol) were added to the flask containing 1
ml of the filterate. It was heated in a water bath at 80oC for 8 min, cooled to room
temperature and the absorbance measured at 530 nm using spectrophotometer.

3.2.8

Determination of sucrose
This was also carried out according to Pearson method275. Starch samples (1 g) each

was weighed out, macerated with 50 ml distilled water and filtered. 1 ml of the filterate was
pipetted into a flask. 5 ml of 2% resorcinol was added and boiled for 12 min. It was cooled
and made up to 25 ml with distilled water. The absorbance was measured at 620 nm using
spectrophotometer.

3.2.

Preliminary phytochemical analysis (qualitative)
The tests carried out were based on procedures outlined by Harbourne and modified

by Trease and Evans276.

3.3.1: Test for carbohydrate
Molisch test
The starch samples (0.1 g) were boiled with 2 ml of distilled water and filtered. To
the filtrate, were added, a few drops of naphthol solution in ethanol (Molisch‟s reagent);
Concentrated sulphuric acid in a Pasteur pipette was then gently poured down the side of the
test tube to form a lower layer.

A purple interfacial ring indicated the presence of

carbohydrate.

3.3.2

Test for glycosides
Dilute sulphuric acid (0.5M, 5 ml) was added to 0.1 g of the extract in a test tube and

boiled for 15 min in a water bath, cooled and neutralized with 20% potassium hydroxide
solution. Equal parts of Fehling‟s solution A and B (10 ml) each were added and boiled for 5
min. A dense brick red precipitate indicated the presence of glycosides.
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3.3.3

Test for saponins
Distilled water (20 ml) was added to 0.25 g of each of the starch samples and boiled

in a water bath for 2 min. The mixtures were filtered while hot and allowed to cool. The
filtrates were used for the following tests:
a)

Frothing test
The filtrate (5 ml) was diluted with 15 ml of distilled water and shaken vigorously. A

stable froth (foam) upon standing indicated the presence of saponins.

b)

Emulsion test
Two drops of olive oil were added to the frothing solution and the contents shaken

vigorously. The formation of emulsion indicated the presence of saponins.

c)

Fehling’s test
To 5 ml of the filtrate was added 5 ml of Fehling‟s solution. Equal parts of A and B

were added and the mixture heated on a water bath. Reddish precipitate which turned brick
red on further heating with sulphuric acid indicated the presence of saponins.

3.3.4

Test for tannins
Starch samples (1 g) each was boiled with 20 ml of water, filtered and used for the

following tests;

a)

Ferric chloride test
Few drops of ferric chloride were added to 3 ml of the filtrate. A greenish black

precipitate indicated the presence of tannins.

b)

Lead acetate test
Lead acetate solution was added to a little quantity of the filtrate. Reddish colour

indicated the presence of tannins.

3.3.5

Test for flavonoids
Ten millitres (10 ml) of ethyl acetate were added to 0.2 g of each of the starch

samples and heated on a water bath for 3 min. The mixture was cooled, filtered and the
filtrate was used for the following tests;
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a)

Ammonium test
Four millitres (4 ml) of the filtrate was shaken with 1 ml of dilute ammonia solution.

The layers were allowed to separate and the yellow colour in the ammoniacal layer indicated
the presence of flavonoids.

b)

1% Aluminium chloride solution test
Another 4 ml portion of the filtrate was shaken with 1 ml of 1% aluminium chloride

solution. The layers were allowed to separate. A yellow colour in the aluminum chloride
layer indicated the presence of flavonoids.

3.3.6

Test for steroids
Ethanol (9 ml) was added to 1 g of the extract and refluxed for a few minutes and

filtered. The filtrate was concentrated to 2.5 ml in a boiling water bath. Hot distilled water
(5 ml) was added to the concentrated solution, the mixture was allowed to stand for 1 h and
the waxy matter was filtered off. The residue was extracted with 2.5 ml of chloroform using
separatory funnel. To 0.5 ml of the chloroform extracted in a test tube was carefully added 1
ml of concentrated sulphuric acid to form a lower layer. A reddish brown interface showed
the presence of steroids.

3.3.7

Test for reducing sugar
Equal parts of Fehling‟s solution A and B (5 ml) were added to 5 ml of aqueous

starch solution and then heated in a water bath for 5 min. Brick red precipitate showed the
presence of reducing sugar.

3.3.8 Test for cyanogenic glycoside
Distilled water (20 ml) was added to 0.1 g of the starch solutions. A piece of sodium
picrate paper was suspended over the solution and placed on a water bath for 1 h. A change
of colour from yellow to orange of the sodium picrate paper indicated the presence of
cyanogenic glycoside.

3.4

Quantitative determination of phytochemical contents of the starch feedstock
All the quantitative determination of the phytochemistry of the starch samples were

carried out using Pearson method275.
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3.4.1

Determination of flavonoids
The samples (1 g) each were weighed out. It was macerated with 20 ml of ethyl

acetate for 5 min and filtered. 5 ml of the filtrate was pipetted and added to 5 ml of dilute
ammonia. It was shaken for 5 min. The supernatant was decanted and the absorbance was
measured at 490 nm.

3.4.2

Determination of reducing sugar
The samples (1 g) each were weighed and macerated with 20 ml of distilled water and

then filtered. 1 ml of the filtrate was pipetted and added to 1 ml of alkaline copper reagent.
This was boiled for 5 min and cooled. 1 ml of phosphomolybdic acid reagent was added to
the cooled mixture followed by the addition of 7 ml of distilled water. The absorbance was
measured at 420 nm.

3.4.3

Determination of glycoside
The starch samples (1 g) each were weighed and macerated with 20 ml of distilled

water. 2.5 ml of 15% lead acetate was added and the mixture filtered. 2.5 ml of chloroform
was added and the mixture was shaken vigorously. The residue was collected and evaporated
to dryness. It was dissolved in 3 ml glacial acetic acid. 0.1 ml of 5% ferric chloride and 0.25
ml of conc. sulphuric acid were added shaken and put in the dark for 2 h. The absorbance
was measured at 530 nm.

3.4.4

Determination of tannins
The starch samples (1 g) each were weighed macerated with 50 ml of distilled water

and filtered. 5 ml of the filtrate was pipetted into a flask. 0.3 ml of 0.1N ferric chloride in
0.1N HCl and 0.3 ml of 0.008M potassium ferricyanide were added. The absorbance was
measured at 720 nm

3.4.5

Determination of cyanide
The starch samples (1 g) each were weighed and macerated with 50 ml of distilled

water. They were left to stand for 24 h and filtered. 1 ml of the filtrate was pipetted into a
flask, 4 ml of alkaline picrate solution was added and the mixture was boiled for 5 min and
cooled. The absorbance was measured at 490 nm.
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3.4.6

Determination of soluble carbohydrate
The samples (1 g) each were weighed, macerated with 50 ml distilled water and

filtered. 1 ml of the filtrate was pipetted into a flask and 2 ml of saturated picric acid was
added. The absorbance was measured at 530 nm.

3.4.7

Determination of steroid
The starch samples (1 g) each were weighed, macerated with 20 ml of ethanol and

filtered. 2 ml of the filtrate was pipetted into a flask; 2 ml of colour reagent was added and
allowed to stand for 30 min at room temperature. The absorbance was measured at 550 nm.

3.4.8

Determination of saponin
The starch samples (1 g) each were weighed and macerated with 10 ml of petroleum

ether. The supernatant were decanted into a beaker. Another set of petroleum ether (10 ml)
was used to macerate the samples and the supernatants decanted again. The two decanted
supernatants were combined and evaporated to dryness. The residues were dissolved with 6
ml ethanol. 2 ml from it was transferred to a test tube and 2 ml of a colour reagent was added.
It was allowed to stand for 30 min at room temperature. The absorbance was measured at
550 nm.

3.4.9 Amylose and amylopection ratio determination
Preparation of standard amylose for calibration
About 100 mg amylose was weighed into 100 ml volumetric flask, dissolved with 10
ml of 1% (w/v) NaOH and made up to mark with water. From this stock solution, different
concentrations ranging from 10 μg to 100 μg were prepared. Colour development was
achieved by adding 5 ml of I2 solution and 1 ml of 6N HCl to each solution. The absorbance
of each concentration was determined at 640 nm in a digital spectrophotometer. A plot of the
absorbance against the concentration in μg/ml gave the standard curve 277. (Appendix XIII).

Amylose/amylopectin ratio determination for the feedstocks
The four starches were treated with n-hexane to remove any residual lipids present. The
method of McReady et al., reported in Adikwu278 was used. About 0.1 g of each starch
material was weighed into a 100 ml volumetric flask and moistened with 2 ml absolute
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ethanol. The mixtures were heated on a hot plate until a clear solution was obtained. The
mixtures were then made up to 100 ml with distilled water and used for amylose
determination. A 5 ml aliquot of the above stock solution was mixed with 3 drops of 1N HCl
and 5 ml of I2 solution and mode up to 100 ml. The mixture was allowed to stand for 20
minutes for maximum colour development after which the absorbances were determined. For
each absorbance obtained, the amylose content was estimated from the standard curve earlier
derived for pure amylose. The percentage amylose in 100 mg of starch was estimated and the
amylopectin content was determined mathematically by subtracting the amylose content from
100%.

3.5.

GELATINIZATION PROCESSES FOR THE STARCH FEEDSTOCKS
All the gelatinization processes were carried out according to the method of Novellie

and Shütte279.

3.5.1

Ge1atinization process for acha starch
Four sets of 100 g of acha starch were weighed out accurately using a digital

weighing balance (Ohaus, Adventurer AR 3130). To each of these four sets of 100 g of the
starch was added 200 ml, 250 ml, 300 ml and 350 ml of distilled water contained in a 1000
ml beaker (representing slurry concentrations of 2.0, 2.5, 3.0 and 3.5 ml/g) respectively. The
starch content of the feedstock determined the starting quantity of water used. The mixtures
were thoroughly stirred and put into a water bath. The temperature of the water bath was
maintained at a constant boiling range. The starch water mixtures were stirred very well for
the first seven minutes of heating, while monitoring the temperature. After the first seven
minutes, the mixtures were occasionally stirred until gels of moderate viscosities (not very
thick) were formed. The gel formation ended the gelatinization process, the temperature
range noted. This process was replicated and the mixtures were set to cool down for further
conversion.

3.5.2

Gelatinization process for tacca starch
Four sets of 100 g of tacca starch were weighed out and to each of them were added

100 ml, 200 ml, 300 ml and 400 ml of distilled water (representing slurry concentrations of
1.0, 2.0, 3.0 and 4.0 ml/g) respectively. Each of these starch water mixture was contained in
1000 ml beaker. The mixtures were each stirred thoroughly to form a homogeneous mixture
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and then put in a hot water bath on an electric heating stove. The temperature of the water
bath was maintained at a constant boiling temperature. While monitoring the temperature of
the starch-water mixture they were stirred very well for the first seven minutes of heating.
After that, they were occasionally stirred until gels of moderate viscosity were formed for
each of them. The gel formation ended the gelatinization. The temperature ranges of the gel
formations were noted. The process was replicated and the mixtures were set to cool down
for further conversion.

3.5.3

Gelatinization process for finger millet starch
Four sets of 100 g of finger millet starch were weighed out accurately and added to

250 ml, 300 ml, 350 ml and 400 ml of distilled water (representing slurry concentrations of
2.5, 3.0, 3.5 and 4.0 ml/g) respectively. They were placed in 1000 ml beaker each. The starch
content of the millet determined the starting water quantity and the others were in increments
of 0.5 ml/g water content. The mixtures were stirred thoroughly and then put in a water bath
on a hot plate (electric). The temperature of the water bath was maintained at a constant
boiling range. While monitoring the temperature of the starch-water mixtures, they were
stirred very well for the first seven minute of heating after which they were occasionally
stirred until a gel of moderate viscosity was formed.

The temperature range of the

gelatinization process was noted. The gel formation ended the gelatinization process. The
process was replicated and the mixtures set to cool down for further conversion.

3.5.4

Gelatinization process for tigernut starch
Four sets of 100 g of tigernut starch were weighed out accurately and added to 350

ml, 400 ml, 450 ml and 500 ml of distilled water (representing slurry concentrations of 3.5,
4.0, 4.5 and 5.0 ml/g) respectively. Due to the high fibre content of the tigernut starch, less
quantities of water could not adequately dissolve the starch. Each of the mixtures was
contained in a 1000 ml beaker. The mixtures were thoroughly stirred to form a homogenous
mixture and then put in a water bath on an electric hot plate. The temperature of the water
bath was maintained at a constant boiling range. The starch water mixtures were stirred
continuously while monitoring the temperature for the first seven minutes. After that, they
were occasionally stirred until a gel of moderate viscosity was formed. The temperature
ranges of the gel formation were noted. The formation of the gel ended the gelatinization
process. The process was replicated and the mixtures set to cool down for further conversion.
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3.6

Preparation of malt powder (enzyme)
The malted barley grains were dry milled in an electronic blender. The treatment was

carried out to dehusk the grains forming a coarse meal. This was also to ensure easy filtration
and centrifugation during the experiments.

The malt powder contains three important

enzymes that convert starch to sugar. The alternative method is to extract the enzymes in
their pure forms by using peptone extraction method or procedure. This is done by extracting
the enzyme from malt with 2% solution of peptone (Difco brand, Bactopeptone) for 2½ h at
room temperature. Centrifugation is done at 5,000 rpm for 30 min at 40oC. The supernatant
is collected as the enzyme and used for saccharification of starch. The first method is more
convenient and was used in preference to the second method which sometimes may lead to
the destruction of the enzymes.

3.7

SACCHARIFICATION PROCESS FOR THE STARCHES

3.7.1

Hydrolysis for all the starches
The gelatinized acha, tacca, finger millet and tigernut starches using the different

quantities of water were cooled and equilibrated at ambient temperature (30oC). In each case
10 g, 20 g and 30 g of powdered malted barley were weighed out into 500 ml conical flasks
containing 50 ml, 100 ml and 150 ml of distilled water, respectively. These were shaken very
well and added into the four separately gelatinized acha, tacca, finger millet and tigernut
which were contained in 1000 ml beakers. The temperature of the water bath was increased
and maintained constant between 40 -50oC which is the temperature range for the activation
of α-amylase; an enzyme of malt which causes the hydrolysis of α-1, 4 – glycosidic linkage
in starch, forming dextrin which are partially hydrolyzed starch or small chains of glucose.
The temperature of the water bath was allowed to remain constant within this range for one
hour. It was then raised to 65 – 70oC range, another temperature range that helps the
activation of β-amylase and glucosidase; another hydrolytic enzyme that attacks the nonreducing ends of the starch molecules, hydrolyzing alternatively β- (1,4) and 1,6 glycosidic
linkage to generate maltose. The mixture was stirred at an interval of 20 min for a total of 3½
h. Aliquots were withdrawn from the solution at 1½ h, 2 h, 2½ h, 3 h and 3½ h intervals and
in some instance 4 h. They were tested for reducing sugar qualitatively and quantitatively.
The quantities of reducing sugar produced at each interval were recorded.

102
3.7.2

Qualitative test for reducing sugar
This was carried out using the Benedict test for reducing sugar via Benedict reagent.

Five drops of the hydrolyzed material was added to 2 ml of Benedict qualitative reagent and
boiled for 5 min. A dirty brown precipitate was formed indicating the presence of reducing
sugars.

3.7.3

Quantitative test for reducing sugar
This was carried out using Benedict quantitative reagent. A sample (20 ml) of the

saccharified material was withdrawn and added to NaOH (20 ml, 0.5N solution) in a 250 ml
volumetric flask. 60 ml of distilled water was added to bring the final volume to 100ml
bringing the final dilution factor to 10. The sugar content was determined by the Plumer
method described below280.
50 ml of the material obtained was poured into a 50 ml burette. 25 ml of the Benedict
reagent was pipetted into a 100 ml conical flask. 3 – 5 g of Na2CO3 was added and a few
pieces of porcelain were added to present bumping. The Benedict reagent was boiled on a
bursen burner during which the withdrawn material was slowly run from the burette until the
last trace of blue colour of Benedict‟s solution disappeared and white precipitate formed.
The titration was stopped at this stage and the volume of the saccharified or withdrawn
material used was noted. The weight in grammes of reducing sugar per 100 ml of the
solution was calculated using the formula;

Weight of reducing sugar/ 100ml

=

K x 100 x N
V

Where;

3.8

K

=

Reducing sugar constant which for glucose is K = 0.50

N

=

Extent of dilution i.e. number of times solution was diluted = 10

V

=

Volume of saccharified solution used for the titration

Preparation of yeast inoculum
The yeast used for this experiment was obtained from yeast extract and was carefully

prepared according to the method of Pfaller et al., 281. Glucose (10 g) was weighed out and
introduced into 100 ml of distilled water. The mixture was placed in an autoclave at a
temperature of 121oC for 15 min. This was to ensure sterility of the solution. The glucose
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solution was left overnight to cool. Yeast extract (10 g) was introduced into the cooled sugar
solution and left for 24 h. After that, the mixture was centrifuged to separate the sugar
solution from the yeast cells. The supernatant being sugar solution was decanted and the
yeast cells kept ready for the fermentation process under the temperature of 2 – 6oC.

3.9

Preparation of fermentation medium
These were carried out according to the method of Zhang et al., 282. The enzyme –

hydrolysed starch slurry for the variants (acha, tacca, millet and tigernut) were boiled for one
hour each to precipitate any available protein. For this experiment, the variants with the
highest reducing sugar quantity were used for the ethanol production. After this the slurry
were centrifuged at 2,500 rpm for 15 min to remove the precipitate. The supernatant,
containing the soluble sugar were then transferred into 1000 ml conical flask. Nitrogen and
phosphorus sources were added in the form of ammonium sulphate (0.85%) and ammonium
hydrogen phosphate (0.12%) respectively. The pH was adjusted to 4.5 – 5.0 using dilute
HCl. The flasks were properly plugged with cotton wool and autoclaved at 121oC and a
pressure of 15 psi for a period of 15 min. The flask was allowed to cool and left overnight to
ensure sterility before inoculation. The medium was inoculated with 5 g of the yeast cells.
The flask was properly corked with a sterile cork connected to a fermentation tube containing
conc. H2SO4. This was to enable carbon dioxide leave the flask but trap water vapour or any
volatile alcohol. The flask was then left at room temperature for fermentation. The specific
gravity of the broth was measured at 12 h intervals using a hydrometer. The pH of the
fermentation broth was also measured and adjusted with ammonia solution at the same
interval of 12 h. The extent of fermentation was checked by evolution of carbon dioxide
using lime water test. Fermentation was stopped when no more carbon dioxide was coming
out of the fermentation medium. The fermentation lasted for a total of 72 h for all the
variants.

3.10.

Determination of fermentation efficiencies

Fermentaion efficiencies were calculated as a ratio of the actual ethanol yield to the
theoretical ethanol yield. The total starch contents in the samples were used to calculate the
theoretical ethanol yields, assuming 1 g of starch converts to 1.11 g of glucose and that 1 g of
glucose may generate 0.511 g of ethanol50. Fermentaion efficiency was calculated using the
formula;
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Fermentation effeiciency (%) = Actual ethanol yield
Theoretical ethanol yield

3.11.

X

100

Distillation and rectification of ethanol from fermented worth
The distillation of ethanol from the four starch feedstocks; acha, tacca, finger millet

and tigernut were carried out twice and separately. The first distillation was done using
simple fractionating column, while the second one was done using vigreux columns of double
height (this was equipped with a heating mantle and a coolant attached to effect optimum
distribution). Water is not desired and the essence of the distillation is mainly to reduce the
amount of water present thereby concentrating the ethanol. As the distillation proceeded, the
lighter low boiling constituents notably aldehydes gradually evolved and was collected and
discarded. The temperature was maintained fairly constant there to allow for the optimum
removal of these low boiling impurities, after which it was raised to 78oC – 80oC and
maintained constant again using the thermo- regulated heating mantle.

The volume of

ethanol recovered was then measured when there was no more condensate at the set
distillation temperature. The distillates which were mixtures of ethanol, water and other
contaminants were collected in a receiver.

Theoretically, ethanol obtained by simple

distillation scarcely exceeds 95%. The ethanol obtained above was therefore subjected to
further rectification by repeated distillation using the Heizung, heating chauffage / coolant.
This was to ensure that the water content was reduced to a minimum. Further dehydration of
the ethanol was carried out using calcium oxide283.

3.11.1 Dehydration of ethanol
Calcium oxide is a strong dehydrating agent. It reacts with water to form calcium
hydroxide (CaOH2).

This was used in dehydrating the ethanol obtained from the four

starches. The method described in Mathewson283 was used in carrying out the dehydration.
20 g of the calcium oxide (anhydrous) was added to each 50 ml of the ethanol, stirred
thoroughly and kept overnight for the slaking to take place. After 24 h, the ethanol on top
was carefully decanted, leaving the water layer below. The specific gravity of the dehydrated
ethanol was measured, while the final volume was also recorded.
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3.12.

BIOGAS PRODUCTION
All the wastes generated from the bioethanol production process were utilized for the

biogas production. The wastes were classified into two categories vis-a-viz; the raw waste
obtained from the extraction of starch (ET) and the waste obtained from the process of
hydrolysis and fermentation of the wort (ETP). These wastes were prepared and studied as
the pure wastes alone (ET-A) and (ETP–A), and then in combination with some animal and
plants wastes namely cow dung (CD), swine dung (SD), field grass (FG) and glycerol (GL).
The combinations were done in a 1:1 ratio thus giving ET–CD, ET–SD, ETP–FG, ETP–FGGL. The glycerol was added as 1% of the total waste for that variant. Previous works by
other researchers have shown that higher percentages of glycerol in the waste slurry did not
give increased biogas yield270,271.
Other materials used for the digestion studies include; 1 liter Buckner flask which
formed the micro-digesters.

These were fitted with metal beehive at the bottom and

connected to 2 liter measuring cylinders for measurement of the daily biogas production. The
micro-digesters were fitted at the top with corks, slightly perforated for the insertion of
thermometers to measure the influx temperature. Additional materials used were hose pipes,
water trough, clamps and stands to hold the measuring cylinders in place, biogas burner
fabricated locally for checking gas flammability.

3.12.1. Waste sample preparations
The ET-A was allowed to degrade for two months. After that, it was soaked in water
for four (4) days to allow for partial decomposition of the waste by aerobic microbes, which
have been reported to aid faster digestion of the waste by anaerobic microbies211. It was then
strained from the water using large size mesh screens while the water was also used for the
charging of the wastes.
The ETP–A was also allowed to degrade for the same period as the ET-A. This was
done to also allow for partial decomposition of the waste by aerobic microbes. As a result of
the sterility the substrate was subjected to before and during fermentation, this was necessary
to aid faster digestion of the wastes by aerobic microorganisms.
The field grass (FG) was cut from the surrounding environment and allowed to
degrade for a period of one month. It was then chopped into small sizes of 2″ (two inches) to
reduce the particles size. This was expected to aid intimate contract between the waste and
microorganisms and also to aid ease of stirring. After chopping the grass, it was soaked in a
small bowl for one week, to allow for partial decomposition of the wastes by aerobic
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microorganisms and reduction of acidity. At the end of 7 days, the waste was strained using
large mesh screens while the water was kept and utilized for the charging of the waste. The
cow dung, swine dung and glycerol were used as obtained without modification of their
structure.

3.12.2. Charging of micro -digesters and set up
For ET-A, 300 g of ET waste was weighed out into the micro- digester. 600 g of
water was weighed and added to it and stirred thoroughly. This gave water to waste ratio of
2:1. It was stoppered with the cork and kept. The moisture content of the waste determined
the water to waste ratio. For ETP-A, 400 g of ETP waste was weighed into the microdigester, 500 g of water was weighed and added to it. This gave water to waste ratio of
1:1.25. Again, the constitution of the ETP determined the water to waste ratio. The mixture
was stirred thoroughly and stoppered with the cork.
For ET–CD, 150 g of ET waste and 150 g of CD waste were weighed, mixed
thoroughly and put into the micro- digester. 600 g of water was weighed and added to them
and mixed thoroughly. This also gave water to waste ratio of 2:1. The mixture was stirred to
ensure homogeneity and stoppered with the cork.
For ET–SD, 150 g of ET waste and 150 g of SD waste were weighed, mixed
thoroughly and put into the micro- digester. 600 g of water was weighed and added to the
mixture. This gave water to waste ratio of 2:1. Again the moisture content of the wastes
determined the water to waste ratio. The mixture was stirred thoroughly and stoppered with
the cork.
For the ETP–FG, 150 g of ETP waste and 150 g of FG were weighed into the micro digesters. 600 g of water was weighed and added to the mixture giving water to waste ratio
of 2:1. The constitution of the ETP waste determined the water to waste ratio. The mixture
was stirred thoroughly and stopped with the cork.
For the ETP–FG–GL variant, 150 g of the FG waste, 147 g of the ETP waste and 3 g
of the crude glycerol (GL) were weighed into the micro-digester. 600 g of water was weighed
and added to the mixture giving water to waste ratio of 2:1. The moisture content of the ETP
waste again determined the water to waste ratio. The mixture was stirred thoroughly and
stoppered with the cork. All the micro- digesters were stirred thoroughly on a daily basis to
ensure intimate contact of the wastes with microorganisms responsible for converting the
wastes to biogas. Daily biogas production was measured by downward displacement of the
water in the trough by the gas produced and recorded as the difference between the initial
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reading at the beginning of each day and the final reading at the end of that same day. pH of
the waste slurries were monitored daily for a period of five days to ensure stability of the
waste slurries. Gas flammability was monitored daily from the second day of charging till
the onset of gas flammability. Microbial load of the waste slurries were carried out four
times during the retention period; at the point of charging the micro- digesters, at the onset of
gas flammability, at the peak of gas production and at the end of the retention period 252, 284.
This was done to show the relationship between the microbial load at those significant points
and the gas production obtained. Ambient and slurry temperatures were monitored daily
throughout the retention period. This was also to correlate the biogas production for each day
with the temperature of the system. Figure 25 shows the experimental set up of the micro
digesters for the biogas production.

Fig. 25: Digester set-up for biogas production of the wastes

3.13

ANALYSES OF WASTES

3.13.1. Proximate analyses
Determination of moisture content, ash content, crude fibre, crude fat, crude
protein/nitrogen content and calorific value were carried out as described in section 3.2.

3.13.2.

Determination of carbon content
This was determined using the Walkey and Black method
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. One (1) gram of the

finely ground waste sample was weighed into 500 ml conical flask. Potassium dichromate
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(IM, 10 ml) was poured inside the flask and the mixture was swirled. Conc. H2SO4 (20 ml)
was added and the flask was swirled again for 1 min in a fume cupboard. This mixture was
allowed to cool for 30 min after which 200 ml of distilled water, 1 g of NaF and 1 ml of
phenylalanine indicator were added. The mixture was shaken and titrated with ferrous
ammonium sulphate solution in a burette.

The blank was also treated similarly.

The

percentage carbon content was calculated using the formular below;

% carbon

=

B – T x C x 133 X 0.003 X 100
W

Where;
B

=

Blank titre value

T

=

Sample Titre value

C

=

Concentration of Fe solution

W

=

Weight of waste sample

3.13.3. Determination of total solids
Determination of total solids is an effective way of knowing the amount of nutrient
that will be available for bacterial action during digestion. It is made up of digestible and
non-digestible materials. This was carried out using Bhatia method286. The raw waste
sample (5 g) was dried in an oven at 105oC for 5 h. The dried sample was cooled in a
dessicator and then weighed. The weight obtained after all moisture loss is the total solids. It
was calculated using the formula below;

% TS =

B x
A

100
1

Where ;
TS

=

Total Solids

A

=

Initial weight of sample

B

=

Final weight of dried material

109
3.13.4.

Determination of volatile solids
Volatile solids are the biodegradable constituent of any waste sample. Its content

gives an indication of how much biogas can be obtained from a waste sample assuming every
other conditions are okay. This was carried out using Bhatia method286. The waste sample
solid residue (1 g) from the total solids determination was heated in a muffle furnace at 600oC
for 4 h. After this, the heated residue (ash) was cooled in a dessicator and weighed. The
volatile solids were calculated using the formula below;

Volatile solids (Vs)

=

B – C x 100
Ws
1

Where ;
B

=

Weight of dried residue from Ts determination

C

=

Weight of sample residue after heating at 600oC

Ws

=

Weight of original sample

3.13.5. Determination of microbial total viable count (TVC)
This is done to determine the number of living microorganisms especially the
methanogens in the waste. This load determines also how most of the nutrients in the waste
can be converted to biogas. Surface viable count method of Miles and Misra described by
Okore287 was used for this determination. The suspension obtained from the isolation of
bacteria was diluted with sterilized distilled water using sterile pipette. The aim was to obtain
a dilution that contained approximately 30 cells per 0.015 ml or 0.075 volumes per drop.
Agar plates were prepared and the undersides of the plates were divided into eight segments
with an indelible marker. A drop of the suspension was inoculated on each segment. These
plates were then incubated for 24 h at 37oC. Developed colonies were counted from the
equation below:

Mean count

=

TVC =

Mc x D
Vd

Number of colonies in each segment
8

Where;
Mc

=

Mean count (cfu)

cfu

=

Colony forming unit

(cfu)
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D

=

Dilution factor

Vd

=

Volume per drop

The higher the dilution factor, the less turbid the solution would be.

3.14.

Data analyses
Statistical analysis was carried out on the data generated from the bioethanol

hydrolysis using “Randomized Complete Block Design (RCBD)”; a two way analysis of
variance (ANOVA) with repeated measures. This was carried out between parameters and
between feedstocks. For the biogas production, statistical analysis was carried out using
“Completely Randomized design (CRD)”; a one way analysis of variance (ANOVA). Both
were carried out using a combination of SPSS 17.0 version and Genstat 3. The plots for
gelatinization against water quantity, hydrolysis of the starches and biogas yield against time
was carried out using SIGMA PLOT software while the plot for fermentation monitoring was
done using MATLAB (2010 version). For the modeling and simulation of the process
parameters for the gelatinization process and the biogas production, NLREG version 6.3
software; a specialized computer program designed for non-linear regression analysis was
used233.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1: Starch yields and proximate compositions
The starch yields of the different feedstocks are presented in Table 13. The starch
yield of finger millet and acha were quite high indicating that they would serve as very good
source of feedstock for bioethanol production with minimal waste from the processing. Fresh
tacca tubers were used for the extraction of the starch. The moisture contents of the fresh
tubers were quite high with the result that the starch yield was 30%. This yield is in
conformity with that obtained by Zaku et al.,176 (moisture, 9.15%, yield, 30.23%). The yield
of starch from the tigernut was found to be approximately 10%. Even though this yield was
low when compared to the other feedstocks, it can still be considered as a good
supplementary feedstock to the existing ones since it has been reported as a good feedstock
for biodiesel production171. After the oil extraction from it, the starch can be extracted for
bioethanol production leaving the dry husks (which are also in high yield) for other uses like
biogas production or for gasification to other biofuels.

Table 13: Starch yields from the different feedstocks
Feedstock

Yield %

Finger millet

91.0 ± 0.13

Acha

90.0 ± 0.03

Tacca (fresh)

30.0 ± 0.01

Tigernut

10.0 ± 0.02

Table 14 shows the proximate composition of the various starch feedstock
while fructose and sucrose composition are presented in Table 15. For the finger millet, the
values for moisture content, ash and protein compared with that obtained for samples of pearl
millet as reported by Wu et al.,113 (11.77%, 1.96% and 9.72% respectively) and that obtained
by Shiihii et al.,152 (12.00%, 2.35% and 7.3% respectively). There were few variations in the
starch crude fat and fibre, with the finger millet giving a higher yield of starch of 91% when
compared with pearl millet with 70.39%. The fat content was lower in the finger millet
which is better for the fermentation/ethanol production of the feedstock. For the acha starch,
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the physicochemical components had some similarity with that reported by Irving and Jideani
135

, with slight variation in the crude fibre and ash contents (protein, 8.25, fat, 2.1%). Their

sample had higher ash level and lower fibre content. These variations may be attributed to
source of cultivation, soil type and nutrient levels of the soil where these feed stocks were
cultivated. For the tacca starch, the values of the proximate compositions also compared with
that reported by Zaku et al.,176(ash, 0.20%, crude fibre, 2.10% and carbohydrate, 88.07%)
except in the crude protein and crude fat, which had higher values for the sample under study.
For the tigernut, the starch has not been studied or elucidated and therefore could not be
compared with previous studies. However, the proximate composition of the whole tigernut
(which was not de-oiled) was studied by Temple168. The values of the whole tigernut were
higher for ash content, fibre, protein and fat. Differences between these values and that
obtained from the starch under study, after oil extraction, would be accounted for by the
removal of oil and drying of the inherent moisture in the form of juice in the nut.

Table 14: Proximate composition of the starch feedstocks
Parameters

Acha

Tacca

Finger millet

Tigernut

Moisture (%)

14.41

9.54

11.51

8.13

Ash (%)

0.59

0.84

3.53

6.14

Crude fibre (%)

2.01

2.41

2.61

7.98

Crude fat (%)

2.42

2.54

4.71

2.33

Crude protein (%)

9.11

2.36

7.00

3.24

Carbohydrate (%)

71.46

82.31

64.64

65.18

Calorific
value(kcal/g)
Amylose/
amylopectin ratio

343.33

361.54

328.95

345.88

26.5:73.50

27:73

24:76

35.75:64.25

Table 15: Composition of Fructose and Sucrose
Parameters
Acha
Tacca
Fructose (%)
1.54
1.54
Sucrose (%)
5.81
8.37

Finger millet
2.31
3.22

Tigernut
2.55
8.39
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Tables 16 and 17 show the qualitative and quantitative composition of different
phytochemicals in the starch feedstocks respectively. Phytochemicals are non-nutritive plant
chemicals that have protective or disease preventive properties. They are non-essential
nutrients meaning that they are not required by the human body for sustaining life. It is well
known that plant produce these chemicals to protect themselves but recent research
demonstrates that they can also protect humans against diseases.

There are many

phytochemcials and each works differently. Some are enzyme inhibitors while some are
enzyme stimulants. For instance terpenes interfere with enzyme activity while indoles
stimulate enzymes285. The composition of the different phytochemicals were quite low and
the quantities were not sufficiently different from each other, indicating that they would not
constitute any adverse impact on the hydrolysis profile of the different starch feedstocks. Zhu
et al.,289 reported that scanning electron microscopy revealed that phytochemical extracts of
tea, pomegranate peel and other herbs increase the break down values and reduce the final
viscosity of starches. They also reduce gel hardness while some facilitate the gelatinization of
starch.

Table 16: Qualitative determination of phytochemicals in the starch feedstocks
Parameters

Acha

Tacca

Finger millet

Tigernut

Reducing sugar

+

+

+

+

Saponins

+

++

+

++

Steroid

-

-

-

-

Tannins

+

+

+

+

Glycoside

_

_

_

_

Cynogenic

+

+

+

+

Flavonoids

+

+

+

+

Carbohydrate

+++

glycoside

+++

+++

+++
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Table 17: Quantitative determination of phytochemicals in the starch feedstocks
Parameters

Acha

Tacca

Finger millet

Tigernut

Reducing sugar (%)

30.82

8.96

7.42

7.41

Saponins (%)

0.23

0.31

0.27

0.33

Tannins (%)

1.32

1.33

1.33

1.41

Cynogenic glycoside (%)

0.039

0.039

0.043

0.036

Flavonoids (%)

0.86

0.85

0.86

1.32

Carbohydrate (%)

5.81

8.37

3.23

8.39

4.2

Effect of slurry concentration (ml/g) of starch on the gelatinization process for
the feedstocks
For each starch feedstock the gelatinization profile was studied under four variants of

water content. The consistency of the starch slurry determined the water volume that was
used for the starting solution. This was done to achieve a smooth paste on gelatinization
instead of a lumpy paste. For the acha, water content of 2.0 – 3.5 ml/g was utilized. For the
finger millet, water content of 2.5 – 4.0 ml/g was used, for tacca, water content of 1.0 – 4.0
ml/g was used while for tigernut, water content of 3.5 – 5.0 ml/g was used. The result of the
profile shows that gelatinization temperature and reaction time generally increased with
increase in water content for all the starch feedstock. For acha, the gelatinization time ranged
between 18 and 29 min with the 2.0 ml/g having the least gelatinization time. The starch
gelatinized readily when the temperature approached 68oC, but not all the starch granules
gelatinized at this temperature, rather within the range of 8oC difference (Table 18).
The result of finger millet showed the same trend with the 3.0 ml/g having the least
gelatinization time within a short temperature range of 5oC difference. For tacca starch, the
1.0 ml/g water content had the least gelatinization time within a temperature difference of
6oC, while for tigernut, the 3.5 ml/g (which was the least water content) had the shortest
gelatinization time of 40 min, with a high temperature range of 80 – 86oC. Among the
feedstocks, acha and finger millet had the least gelatinization time while tigernut starch had
the longest gelatinization time. However, the acha performed the best since it achieved the
short gelatinization time with the least water content (2.0 ml/g). General results for this
process indicate that the gelatinization process is largely dependent on content of slurry and
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temperature. However, the water content must dissolve the starch adequately to ensure a
smooth paste on gelatinization and cooling. For instance, for finger millet, 2.0 ml/g of water
content was unable to dissolve the starch completely.

Table 18: Gelatinization time and temperature range at various water contents

Feedstock

Water content (ml/g)

Gel. time (min)

Gel. temp range (◦C)

Acha
2.0

18

68 - 72

2.5

24

72 - 76

3.0

28

70 – 74

3.5

29

74 - 76

2.5

19

69 - 73

3.0

18

71 - 73

3.0

21

70 – 73

4.0

24

69 - 74

1.0

21

62 - 66

2.0

23

62 - 66

3.0

23

62 – 69

4.0

24

67 - 68

3.5

40

80 - 82

4.0

44

80 - 82

4.0

48

80 – 84

5.0

59

80 - 86

Finger millet

Tacca

Tigernut
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4.2.1. Modelling of gelatinization time against water content
Gelatinization time was modelled against water content for all the starch feedstock
using NLREG 6.3 version a specialized computer programme designed for non-linear
regression analysis. Table 19 gives the values obtained for the parameters that explains the
models.

Table 19: Regression parameters for gelatinization time vs water content

Feedstock

P0

P1

Gel.time (min) Water
range

R2 (%)

Ra2 (%)

Prob(t)

content
range(ml/g)

Acha

3.00

0.08

18 - 29

2.0 – 3.5

99.90

92.86

0. 84

Millet

8.80

0.036

18 – 24

2.5 – 4.0

96.10

85. 77

0.73

Tacca

21.00

0.008

21 – 24

1.0 – 4.0

90.50

80.00

0.005

Tigernut

-4.10

0.12

40 – 53

3.5 – 5.0

98.70

89.00

0.73

The relationship of gelatinization time and water content is given by the equation 1
below:

GT

=

P0x2 + P1x + P2 ………………………………

(1)

Where;
GT

=

Gelatinization time (min)

x

=

Water content (ml/g)

P0, P1 =

Constants (Table 19)

P2

Slope

=

This relationship is graphically represented in Figures 26-29. A good model is determined by
the R2 and Ra2 values. These represent the proportion of variance and coefficient of multiple
determinations respectively. The amount of variants explained by the model (R2) also shows
the level to which other variants can be predicted by the model. The acha variant gave the
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best R2 values indicating that other water contents not utilized in the experiment can be
predicted using the equation 1 above. This was followed by the tigernut starch. The tacca
starch models gave a poorer result (a good model is expected to have R2 values in the range
of 95 – 99%). This may be accounted for by the incremental levels of water content in the
tacca which did not follow the trend of the other variants (the incremental water content was
1.0 ml/g while the others where 0.5 ml/g). The Prob(t) values represents the probability that
replacing the parameters with zero would not alter the correlation and as a result should be
very low (0 -0.9). The Prob(t) for all the starch variants were low, however, that of tacca
starch was the lowest, while that for finger millet and tigernut were not sufficiently low but
are however acceptable and does not affect the models. Appendix I – IV shows the summary
of the regression analysis carried out on the different starch feedstocks from which the
equation was generated.
It was observed experimentally that the texture of the gels formed for the
starch variants were affected by the water volume. The thickness of gel decreased as the
water content increased provided all other conditions were kept constant. Again, the rate of
cooling of the respective gelatinized starches followed the same trend. On cooling, the rates
of retrogradation (i.e. the process by which gelatinized starch gradually begins to re-organize
its components to return to its former molecular structure while being cooled) for the starch
feedstocks differed and decreased in the order; tigernut > tacca > acha > finger millet. This
may be explained with the amylose/amylopectin ratio of the starch samples (Table 14). The
higher the amylose contents of a starch the greater the effectiveness of the retrogradation
process290. In the same vein, the degree of gelatinization is proportional to the amount of
amylose in the starch. Higher amylose contents leads to lower degree of gelatinization and
vice versa291. The result of the amylose/amylopectin contents of the different starches (Table
14) shows that finger millet had the least amylose content, followed by the acha, then the
tacca and the highest amylose content was from the tigernut.

This explains why the

retrogradation of the tigernut was highest and the degree of gelatinization lowest.
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Fig. 26: Variation of gelatinization time with water content for acha.

Fig. 27: Variation of gelatinization time with water content for finger millet.
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Fig. 28: Variation of gelatinization time with water content for tacca.

Fig. 29: Variation of gelatinization time with water content for tigernut.
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4.3. Effect of hydrolysis reaction time on the yield of reducing sugar at various enzyme
concentrations and water contents.
For acha, the water contents used were within the range of 2.0 ml – 3.5 ml/g.
For finger millet, the water content used ranged between 2.5 – 4.0 ml/g.
For tacca, the water content used ranged between 1.0 – 4.0 ml/g
For tigernut, the water content used ranged between 3.5 ml – 5.0 ml/g.
The enzyme concentrations were 0.1 g/g, 0.2 g/g, and 0.3 g/g of starch for all the
starch feedstock, while the reaction time ranged between 1½ to 3½ h and 4 h.

4.3.1 Acha
For the acha starch, there was a general increase in the yield of reducing sugar with
time across board for all the variants. Among the different water contents, the reducing sugar
yield peaked at 2.0 ml/g with 0.3 g/g of enzyme concentration at 3½ h (Fig. 30). For the 2.0
ml/g, there was no significant increase in sugar yield between the 0.1 and 0.2 g/g enzyme
concentration (P > 0.05%) at 1½ - 2½ h (Appendix V). However, from 3 h to 3½ h there was
significant increase (P < 0.05%) with the highest yield at 3½ h. For the 2.5 ml/g, the trend
followed with slight difference in 0.1 g/g (at 3 h). The highest value for sugar yield obtained
for that water content was at 3½ h (0.3 g/g enzyme concentration). For the 3.0 ml/g, there
was no significant difference between the 0.1 g/g and 0.2 g/g at 3½ h. The highest value was
obtained at 3½ h (0.3 g/g enzyme concentration). For the 3.5 ml/g, the trend persisted. There
was no significant difference between the reducing sugar yields at 1½ - 2½ h. the optimum
value was obtained at 3 h (0.2 g/g enzyme concentration), which was the same value for 0.3
g/g at 3 h. General result for acha starch indicates that after 2.0 ml/g the reducing sugar yield
reduced generally and remained at 125 mg/ml till the 3.5 ml/g. Optimum reaction time was
at 3½ h (with 0.3 g/g enzyme concentration), at 2.0 ml/g water content to achieve a reducing
sugar yield of 238.10 mg/ml (Table 20).
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(ACHA)

Fig. 30: Hydrolysis profile for acha.
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4.3.2. Finger millet
For the finger millet, the yield of reducing sugar also generally increased with
increase in reaction time across board for all the variants.

Among the different water

contents, the sugar yield peaked at 3.0 ml/g with 0.2 g/g of enzyme concentration at 3 h.
Above this water content, there was a gradual reduction till the last variant (Fig. 31). For the
2.5 ml/g, there was no significant difference between the reducing sugar yield from 1½ - 2½
h (P > 0.05% (Appendix VI). From 3 h, there was significant difference in the sugar yields
and the highest yield was obtained at 3 h (0.3 g/g enzyme concentration). For the 3.0 ml/g,
the trend was repeated and the highest sugar yield was obtained at 3 h (0.2 g/g enzyme
concentration). The same value was also obtained for 3 h (0.3 g/g). Cost considerations
suggest that 3 h (0.2 g/g) is the optimum. For the 3.5 ml/g, the optimum sugar yield was
obtained at 3½ h (0.3 g/g enzyme concentration), while for the 4.0 ml/g water content, the
optimum yield was obtained at two levels; 3½ h (0.2 g/g) and 3 h (0.3 g/g). The choice of
which variant to use would then depend on the availablility of materials and prevailing
situations on ground. General results for finger millet indicate that the reducing sugar yield
decreased with increase in water content (after 3.0 ml/g). Again optimum conditions arrived
at were; 3 h using 0.2 g/g of enzyme concentration with 3.0 ml/g water content to give
reducing sugar yield of 125 mg/ml (Table 20).
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(FINGER MILLET)

Fig. 31: Hydrolysis profile for finger millet.
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4.3.3. Tacca
For the tacca starch, there was also increase in reducing sugar yield with increased
time across board for all the water contents. Among the different water contents, the sugar
yield peaked at 3.0 ml/g with 0.2 g/g of enzyme concentration at 3½ h and 0.3 g/g at 3 h.
Beyond the 3.0 ml/g the reducing sugar yield reduced (Fig. 32). For the 1.0 ml/g, there was
significant difference (P< 0.05%) in the reducing sugar yields between 1½ - 2 h for all the
enzyme concentrations (0.1 g – 0.3 g/g) while there was no significant differences between
the 2 and 2½ h (P > 0.05%) (Appendix VII). The optimum sugar yield for this water content
was obtained at 3½ h (0.1 g/g) and 3 h (0.3 g/g). For the 2.0 ml/g there was significant
difference between the values of the reducing sugar for 0.1 g/g and 0.2 g/g. The optimum
value for this water content was 4 h (0.1 g/g) and 3½ h (0.3 g/g). For the 3.0 ml/g, there was
significant difference in the values obtained between 2 and 2½ h for all the enzyme
concentrations. The optimum value of reducing sugar at this water content was obtained at
3½ h (0.2 g/g) and 3 h (0.3 g/g). For the 4.0 ml/g, there was no significant difference
between 1½ - 2½ h in the sugar yields. The highest value was obtained at 4 h (0.3 g/g).
General results for the tacca indicate that there was initial increase in reducing sugar yield
with increase in water content up till 3.0 ml/g, above which the sugar yield reduced.
Optimum conditions obtained for tacca starch were 3½ h (0.2 g/g) with 3.0 ml/g water
content to give reducing sugar yield of 208.33 mg/ml (Table 20).
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(TACCA)

Fig. 32: Hydrolysis profile for tacca.
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4.3.4. Tigernut
For the tigernut starch, there was also general increase in the reducing sugar yield
with increased reaction time across board for all the variants (enzyme concentration and
water contents). Among the different water contents, the reducing sugar yield peaked at 4.5
ml/g with 0.3 g/g of enzyme concentration for 3 h (Fig. 33). Beyond that water content, the
sugar yield reduced. For the 3.5 ml/g, there was no significant difference (P > 0.05%)
between the reducing sugar yields for all the reaction times (1½ - 3½ h) and for the enzyme
concentrations (0.1 – 0.3 g/g) (Appendix VIII). However, the highest yield of sugar was
obtained at 3½ h (0.2 g/g) and 3 h (0.3 g/g). For the 4.0 ml/g, the same trend followed and
the highest value for the sugar yield was obtained at 3½ h (0.2 g/g) and 3 h (0.3 g/g). For the
4.5 ml/g, the difference in sugar yield for all the variants (enzyme concentration and reaction
time), were also not significant and the highest sugar yield was obtained at 3 h (0.3 g/g). For
the 5.0 ml/g, the observation of the trend was maintained and the highest value for the sugar
yield was obtained at 3½ h (0.2 g/g) and 3 h (0.3 g/g). General results for the tigernut
indicate that there was initial increase in the reducing sugar yields with increase in water
content up till 4.5 ml/g, above which it reduced. Optimum conditions obtained for this starch
were at 3 h (0.3 g/g) with 4.5 ml/g water content to give reducing sugar yield of 86.21 mg/ml
(Table 20).
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(TIGERNUT)

Fig. 33: Hydrolysis profile for tigernut.
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4.4.

Effect of enzyme concentration on the reducing sugar yields at various
hydrolysis reaction times and water volumes
For all the starches the same water volumes enzyme concentrations and reaction times

were maintained.

4.4.1.

Acha
Generally, there was increase in reducing sugar yield with increase in enzyme

concentration at all the water contents used. For the 2.0 ml/g, there was significant difference
(P< 0.05%) between 0.1 g/g, 0.2 g/g, and 0.3 g/g enzyme concentrations at 1½ - 2 h and at 3 3½ h, but for 2½ h, there was no significant difference between the 0.1 g/g and 0.2 g/g
(Appendix V). The highest reducing sugar yield for that water content was obtained with 0.3
g/g at 3½ h. For the 2.5 ml/g, there was no significant difference between 0.1 g/g and 0.2 g/g
at 1½, 2½ - 3 h. However there was significant increase in sugar yield between the three
enzyme concentrations at 3½ h. There was reduction of sugar yield at 0.2 g/g enzyme
concentration at 1½ and 2 h. The highest reducing sugar yield was obtained with 0.3 g/g at
3½ h. For the 3.0 ml/g, there was general increase in sugar yield with increase in enzyme
concentration however; the trend of reduction of sugar yield at 0.2 g/g for 1½ and 2 h
persisted. At 2½ h, the yields were the same for 0.1 g/g and 0.2 g/g and from 3 h, the sugar
level increased with increase in enzyme concentration and peaked at 0.3 g/g for 3½ h. For
the 3.5 ml/g water content, there was no significant difference in sugar yield between 0.2 and
0.3 g/g at 1½ h. At 2 - 2½ h, there was significant increase in sugar yield from 0.1 – 0.3 g/g.
However, from 3 - 3½ h there was no significant increase in sugar yield between 0.2 and 0.3
g/g. The optimum enzyme concentration for acha was obtained with 0.3 g/g at 3½ h using
2.0 ml/g water content.

4.4.2.

Finger millet
For finger millet, there was general increase in the reducing sugar yield with increase

in enzyme concentration for all the water contents and at most reaction times except at 3.0
ml/g (0.2 g/g and 0.3 g/g, at 3 and 3½ h) and at 4.0 ml/g (0.2 g/g and 0.3 g/g, at 3½ h).
(Appendix VI). For the 2.5 ml/g, there was significant increase in sugar yield (P< 0.05%) for
all the enzyme concentrations at all the reaction times. The optimum sugar yield for that
water content was obtained with 0.3 g/g and at 3 h. For the 3.0 ml/g, there was significant
increase in sugar yield for all the enzyme concentrations up till 2½ h, however, from 3 - 3½
h, there was no difference in sugar level at 0.2 g/g and 0.3 g/g. The optimum sugar yield for
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that water content was obtained with 0.2 g/g and at 3 h. For the 3.5 ml/g, there was
significant increase in the sugar yield for all the enzyme concentrations and the highest yield
was obtained with 0.3 g/g and at 3½ h. For the 4.0 ml/g, there was significant increase in the
three enzyme concentrations at 1½ - 2 h and at 3 h. However, at 2½ h, there was no
difference between 0.1 g/g and 0.2 g/g and at 3½ h, there was no difference between 0.2 g/g
and 0.3 g/g. The optimum sugar yield for that water content was obtained with 0.3 g/g and at
3 h. For the finger millet, the optimum enzyme concentration was obtained with 0.2 g/g and
at 3 h using 3.0 ml/g water content.

4.4.3.

Tacca
For tacca starch, there was also a general increase in reducing sugar yield with

increase in enzyme concentration for most of the water contents and reaction times except for
2.0 ml/g (0.2 g/g at 2 h) and 3.0 ml/g (0.2 g/g at 2½ - 3 h). (Appendix VII). For the 1.0 ml/g,
there was significant increase (P< 0.05%) in sugar yields for 0.1 – 0.3 g/g at 1½, 2½ and 3 h.
At 2 h, there was no difference between the sugar yield at 0.2 and 0.3 g/g. There was also no
difference in the sugar yield between 0.3 g/g at 3 h and 0.1 – 0.3 g/g at 3 h. The optimum
yield was obtained with 0.3 g/g and at 3 h. For the 2.0 ml/g, there was significant increase in
the sugar yield for 0.1 g/g – 0.3 g/g at 1½ - 2 h and 3 h. There was no difference in sugar
yield between 0.1 g/g and 0.2 g/g at 2½ h and between 0.1 g/g and 0.2 g/g at 3½ h. Again,
there was no difference in sugar yield between 0.1 – 0.3 g/g at 4 h. The highest sugar yield
was obtained with 0.1 g/g enzyme concentration and at 4 h. For the 3.0 ml/g water content,
there was significant increase in the sugar yields for all the enzyme concentrations at 1½ - 3
h, however, at 3½ h, there was no difference between 0.2 g/g and 0.3 g/g. Again, there was
no difference between 0.3 g/g at 3 h and 0.2 – 0.3 g/g at 3½ h. The optimum sugar yield for
that water content was obtained with 0.3 g/g and at 3 h. For the 4.0 ml/g, there was
significant increase in sugar yields at 0.1 – 0.3 g/g and at all the reaction times. The highest
yield was obtained with 0.3 g/g and at 4 h. For the tacca, the optimum enzyme concentration
was obtained at 0.3 g/g and at 3 h using 3.0 ml/g water content.

4.4.4.

Tigernut

For tigernut starch, there was also a general increase in reducing sugar yield with increase in
the enzyme concentration for most of the water contents and reaction times except for 3.5
ml/g (0.2 g/g and 0.3 g/g at 1½ h and 0.2 g/g and 0.3 g/g at 3½ h), 4.0 ml/g, (0.2 g/g and 0.3
g/g at 3½ h), 4.5 ml/g (0.2 g/g and 0.3 g/g at 1½ h and 0.1 g/g and 0.2 g/g at 3½ h) and 5.0
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ml/g (0.2 g/g and 0.3 g/g at 3½ h). For the 3.5 ml/g, there was no difference in sugar yield
between 0.2 g/g and 0.3 g/g at 1½ h and 3½ h, but from 2 h to 3 h, there was significant
increase (P< 0.05%) in the reducing sugar yield between the three enzyme concentrations
(APPENDIX VIII). There was no difference between 0.3 g/g at 3 h and 0.2 g/g – 0.3 g/g at
3½ h. The optimum sugar yield for that water content was obtained with 0.3 g/g and at 3 h.
For the 4.0 ml/g, there was significant difference in the yields for all the enzyme
concentrations at 1½ - 3 h. At 3½ h, there was no difference in the yield between 0.2 and 0.3
g/g. Again, there was no difference between 0.3 g/g at 3 h and 0.2 g/g – 0.3 g/g at 3½ h. The
optimum sugar yield for that water content was obtained with 0.3 g/g and at 3 h. For the 4.5
ml/g, there was no significant difference (P> 0.05%) between 0.2 and 0.3 g/g at 1½ h and 0.1
and 0.2 g/g at 3½ h. However, there was significant increase in sugar yield between 0.1 – 0.3
g/g for 2 – 3 h. The highest sugar yield was obtained with 0.3 g/g and at 3 h. For the 5.0
ml/g, there was significant increase in sugar yield between 0.1 – 0.3 g/g at 1½ - 3 h at 3½ h,
there was no difference in yield between 0.2 g/g and 0.3 g/g and again, there was no
difference between 0.3 g/g at 3 h and 0.2 – 0.3 g/g at 3½ h.

The optimum enzyme

concentration for that water content was obtained with 0.3 g/g and at 3 h. For tigernut starch
overall, the optimum enzyme concentration was obtained at 0.3 g/g and at 3 h using 4.5 ml/g
water content.
For the four starches the optimum enzyme concentrations were mainly at 0.3
g/g and at 3 h except for finger millet that had 0.2 g/g at 3 h and acha at 3½ h. This indicates
that most starches would utilize on the average 0.3 g of malted barley / g of starch to catalyze
the hydrolysis of starch in other to achieve/obtain the highest or optimum reducing sugar
yield.

4.4.5.

Comparison among the feedstocks
Among the feedstocks, for the 0.1 g/g enzyme concentration, the reducing sugar yield

was decreasing in the order acha > tacca > finger millet > tigernut at all the reaction times
(1½ - 3½, 4 h), except for 1½ h where finger millet had slightly higher yield than tacca
though, the value was not significant (Appendix IX – X). Apart from the 1½ h, all the sugar
yields from 2½ - 3½ h and for all the feedstocks were significantly different. For the 0.2 g/g
enzyme concentration, the reducing sugar yield was also decreasing in the order. acha >
tacca > finger millet > tigernut for 2 – 3 h, but for 1½ h, finger millet was higher than tacca
while for 3½ h, it was in the order tacca > acha > finger millet > tigernut. There was
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significant difference between the sugar yields for all the feedstock at 1½, 2½ – 3½ h. At 2 h,
there was no significant difference (P> 0.05%) between finger millet and tacca. For the 0.3
g/g enzyme concentration, at 1½ h, the reducing sugar yield was decreasing in the order, acha
> finger millet > tacca > tigernut. At 2 - 2½ h, it was decreasing in the order acha > tacca >
finger millet > tigernut. However, from 3 - 3½ h, it reversed to tacca > acha > finger millet >
tigernut. For the overall feedstock evaluation, there was significant difference in the reducing
sugar yields between the four starches at all the reaction times. Tigernut gave the least
reducing sugar yield for all, while acha gave the highest yield of reducing sugar. Reducing
sugar for all generally decreased in the order acha > tacca > finger millet > tigernut.

4.4.6.

Summary
For the four starches studied, none achieved highest reducing sugar yield with 0.1 g/g

of the enzyme concentration. They ranged between 0.2 g/g at longer times and 0.3 g/g at
shorter times. Again none of the starches achieved optimum reducing sugar yield at 1½ 2½ h. The optimum fall largely between 3 to 3½ h. Overall results indicate that reducing
sugar quantity is largely dependent on slurry concentration (ml/g) of starch, enzyme
concentration, reaction time and even temperature. The reasons for the little or no significant
difference between 1½ - 2½ h reaction times for most of the variants (water content and
enzyme concentration) can be attributed to the fact that the three enzymes for hydrolysis of
starch are contained in the malted barley used as the enzyme for the hydrolysis reaction. The
first enzyme α- amylase is activated at 40 – 50oC for a period of 1 h. After 1 h, the second
enzyme β-amylase is activated at 65 – 70oC and later the third enzyme glucoamylase
(glucosidase) at the same temperature. The results indicate that the third enzyme is not
activated until after 2½ h reaction time, which could account for the lower yields of reducing
sugar obtained at these reaction times (1½ - 2½ h).
The water content- dependence of starch for hydrolysis as observed in this study can
be attributed to the origin and nature of starches. The biological origin of starch serves as a
determining factor in the granules shape, size and morphology.

As a result, these

characteristics not only help to differentiate between various starches but also give an
indication of the processing parameters. Moisture sorption by starch has been attributed to
the interaction between the hydroxyl groups of the hexose moiety and water molecules292.
Although water molecules form hydrogen bonds to both amylose and amylopectin, the
amylopetin structures have been shown to physically trap water molecules. On this basis, it
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was hypothesized that starch granules high in amylopectin would have a higher moisture
sorption potential293. However, difference in crystallinity could also bring about difference in
moisture sorption by starch materials. Crystalline polymers have been proposed to have
extensive secondary intermolecular bonding. This secondary intermolecular bonding causes
the hydroxyl groups on adjacent glucose units to interact with each other and hence reduce
available sites for adsorption of water molecules294. Even though study of the different starch
structures was not part of this investigation, it appears that the crystallinity of the acha may
be responsible for the water sorption at the lowest water quantity resulting to a higher yield of
the reducing sugar. As a result, higher degree of crystallinity could reduce the moisture
sorption of starches183. Relative humidity is another factor in the sorption profile of starches.
Once available sites are saturated at low humidity, the specific surface which should be
relatively higher does not contribute to moisture sorption. The sorption process at high
humidity is reduced to condensation of water molecules over the already existing molecules
forming layers that have decreased interaction with the surface183. This principle may explain
the reason why at certain water contents, reducing sugar yields reduced. The water uptake of
the starches at those water contents may be saturated and further increase in water content
then leads to condensation of water molecules subsequently leading to decrease in interaction
and reactions.
For the four starches, acha gave the highest reducing sugar yield at the least water
content. This was followed by tacca starch at two possible enzyme concentrations and
reaction times (Table 20). Tigernut starch gave the least reducing sugar yield at the highest
water content. This can also be explained by the amylose and amylopectin ratios of the
different starches. It has been severally reported that starches high in amylose contents would
experience low ethanol yields110,111, it also follows that high amylose contents would lead to
lower reducing sugar yields. The tigernut had the highest amylose content and therefore had
the least reducing sugar yield.
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Table 20: Summary of results for the bioethanol hydrolysis process

Starch Type

Parameters

Acha starch

Optimum
results (for
enzyme conc.
at time)
Gel temp.(◦C)
Gel time (min)
Reducing
sugar (mg/ml)

Finger millet
starch
Optimum
results (for
enzyme conc.
at time)
Gel temp.(◦C)
Gel time (min)
Reducing
sugar (mg/ml)
Tacca starch
Optimum
results (for
enzyme conc.
at time)
Gel temp.(◦C)
Gel time (min)
Reducing
sugar (mg/ml)
Tigernut
starch
Optimum
results (for
enzyme conc.
at time)
Gel temp.(◦C)
Gel time (min)
Reducing
sugar (mg/ml)

2.0 *
0.3 g/g@3½ h

Water
content (ml/g)
2.5
0.3 g/g@3½ h

3.0
0.3g/g@3½ h

3.5
0.2 g/g@3 h

68 - 72
18
238.10

72 – 76
24
138.90

70 - 74
28
125.00

74 - 76
29
125.00

2.5

3.0 *

3.5

4.0

0.3 g/g@3 h

0.2 g/g@3 h

0.3 g/g@3½ h

0.3 g/g@3 h

69 - 73
19
113.64

71 – 73
18
125.00

70 - 73
21
116.25

69 - 74
24
92.59

1.0

2.0

3.0 *

4.0

0.3 g/g@3 h
0.1 g/g@3½ h

0.3 g/g@3 h
0.1 g/g@4 h

0.3 g/g@3 h
0.2 g/g@3½ h

0.3 g/g@4 h

62 – 66
21
125.00

62 – 66
23
192.31

62 - 69
23
208.33

67 - 68
24
192.31

3.5

4.0

4.5 *

5.0

0.3 g/g@3 h
0.2 g/g@3½ h

0.2 g/g@3 h
0.2 g/g@3½ h

0.3 g‟g@3 h

0.3 g/g@3 h
0.2 g/g@3½ h

80 - 82
40
72.46

80 – 82
44
84.75

80 - 84
48
86.21

80 - 86
59
75.76

* Represent optimum values

Mean reducing sugar
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Fig .34: Variation of mean reducing sugar with hydrolysis time for various feedstocks.

150.00
140.00
130.00
120.00
110.00
100.00
90.00
80.00
70.00
60.00

ACHA

MILLET
TACCA
TIGERNUT
1.5

2.0

2.5

3.0

3.5

Time (hours)

Fig.35: Variation of mean reducing sugar with hydrolysis time for various feedstocks
using enzyme concentration of 0.1 g/g.
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Fig. 36: Variation of mean reducing sugar with hydrolysis time for various feedstocks
using enzyme concentration of 0.2 g/g.
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Fig. 37: Variation of mean reducing sugar with hydrolysis time for various feedstocks
using enzyme concentration of 0.3 g/g.
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4.5

Ethanol production studies for the four starches
Currently, enzymatic starch hydrolysis is carried out at substrate concentrations of

35 – 40% w/w%295. Increasing the substrate concentrations has several advantages such as
increased volumetric productivity and higher α – amylase stability296-298. However, the
influence of these conditions on enzyme activity also needs to be considered. A suitable
assay procedure needs to be chosen to determine the residual α – amylase activities under
these operating conditions. Several assay procedures exist and they can be divided into three
groups, reducing sugar methods, dyed starch substrate methods and defined substrates
methods299. Reducing sugar method was used in this study. The high fibre content of the
tigernut could not allow higher substrate concentration. This could also account for the least
reducing sugar quantity obtained for the tigernut. Ethanol yields from the worts made from
acha, tacca, finger millet and tigernut were 8.0%, 7.8%, 7.1% and 5.8% v/v respectively
(Table 21).

Table 21 : Ethanol yields, fermentation efficiencies, specific gravities and
ethanol contents of the different starch samples

Samples

Ethanol
yield %

Fermentation
efficiency (%)

Acha

Ethanol
yield v/v
(%)
8.00

Ethanol
content %

62

Specific
gravity
g/cm3
0.8057

80.0

Tacca

7.14

71.4

55

0.8533

70

Finger millet

7.80

78.0

60

0.7938

97

Tigernut

5.81

58.1

50

0.8500

75

93

Ethanol yields were proportional to the reducing sugar contents of the samples, that
is, the ethanol yields decreased in the order acha > finger millet > tacca > tigernut (Table 21).
The efficiency of ethanol yields on the starches was 50 – 62%. This was lower than that
reported by Wu et al.,110 from different species of pearl millet (90 – 95.0%) and that reported
by Thomas and Ingledew300 (82 – 87%). The lower fermentation efficiencies could be as a
result of the management of the fermentation process which may have been poorer in this
case. The ethanol yield of the finger millet was higher than that of the tacca starch inspite of
the fact that the tacca starch had higher reducing sugar quantity.

It also had faster

fermentation of the wort along with the tigernut. This can be attributed to the free α – amino
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nitrogen contents (FAN) of the finger millet. As reported by O‟Connor- cox et al.,301, FAN
content in mashes or wort significantly affects the rate of ethanol fermentation. At the same
glucose concentrations, higher FAN concentrations not only accelerate the fermentation rate
of worts but can also increase ethanol yields. In this study, acha had higher protein content,
followed by finger millet, then tigernut and least tacca. FAN content is a direct result of
protein content in starches and higher levels encourage faster fermentation process.

4.6: Ethanol fermentation from the four starches
The fermentation process for the four starches ended at different periods except for
the acha and tacca that ended after 72 h. That of tigernut was fastest, ending between 36 – 48
h while finger millet ended between 48 – 60 h. Fermentation process of mashes/wort with
less dry mass (in this case starch content) could end earlier and those with greater dry mass
may take longer110. The tigernut had the least substrate concentration, and that could account
for the faster fermentation process experienced by it. The pH table showed that the pH
gradually decreased and remained stable towards the end of the fermentation. The average at
the commencement of the fermentation was 4.8 – 5.0 and 4.1 (tigernut) which later increased.
They were adjusted daily using ammonia solution. This is in agreement with the work of
Ekumankama et al.,302, Adams and Flynn303, Morris and Sarad304 who recommended pH of
4.5– 5.0 at 30oC to obtain reasonably high percentage ethanol within the recommended range
of 50 – 100%. Akin-Osannaiye et al.,305 also reported the use of approximate pH of 4.5 – 5.0
to obtain 50 – 100% ethanol v/v%. This is an indication that the fermentation process was
normal. Lower pH values usually indicate contamination of lactic acid bacteria.
There were also some fluctuations in the rate of evolution of carbon dioxide
throughout the fermentation process. There was increase in the rate for the first 24 hr,
measured with lime water which turned milky indicating the presence of CO2. Again, when
the fermenting wort was supplemented by adjusting with ammonium hydrogen phosphate,
there was a remarkable increase in the evolution of CO2. This is because the yeast operates
more when there are enough nutrients that increase its activities. This observation agrees
with the work of Larsen306 who suggested that the addition of yeast extract consisting mainly
of nitrogenous compounds like ammonium phosphate or magnesium salt to the fermentation
medium serves as a nutrient supplement to the yeast. This view was also shared by Devin
and Slaughter307 and Panchal and Stewart308 who in their separate reports supported the
addition of ammonium hydrogen phosphate as a source of both nitrogen and phosphorus for
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the yeast. However, they observed that it had little or no effect on the percentage of
conversion but somehow affect the rate of fermentation by increasing it.
The ethanol fermentation process generates equal moles of CO2 and ethanol;
therefore, the weight loss from CO2 evolution could be a useful indicator for ethanol yield
especially in a laboratory scale fermentation tests. Several researchers have reported the use
of weight loss from escaped CO2 to monitor the ethanol fermentation process 309 – 313. Joekes
et al.,311 showed that weight of fermentation mashes did not decrease any further after 30 hr
of fermentation. For this study, the weight loss was monitored through the measurement of
the specific gravity of the fermentation wort twice daily and converting to weight (Fig‟s 38 41).
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Fig. 40: Weight loss by specific gravity and pH values (finger millet).
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Fig. 41: Weight loss by specific gravity and pH values (tigernut).

For acha, the weight did not decrease after 72 h; the same was obtained for the tacca
while for the finger millet, it did not decrease after 48 h and for tigernut between 36 – 48 h.
Thus, the weight loss during ethanol fermentation also reveals the rate of the fermentation
process. Monitoring the weight loss can be a convenient way to predict ethanol yield and
determine the end point of the fermentation process. It is especially helpful when new
samples are being evaluated for ethanol yields and there is no sufficient information about the
chemical compositions or history of pretreatment of the sample.
The bioethanol yields ranged between 5.81% (v/v) to 8.00% (v/v). Acha had the
highest ethanol yield followed by finger millet, while tigernut had the least ethanol yield.
Literature reports show that ethanol yields of 5 – 10% (v/v) are adequate for good
feedstocks110. Even though the tigernut had the least bioethanol yield; it would still qualify as
a good feedstock. The ethanol contents for each of the starch samples/feedstocks shows the
degree to which water was removed from each sample and could be higher depending on the
use to which it is to be subjected.
The energy contents, protein content, reducing sugar content, lower amylose content
could be favourable elements encouraging fuel ethanol plants to choose these feedstocks
(acha, tacca and finger millet) as alternative feedstocks to the existing ones while retaining
tigernut as a supplementary feedstock.
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4.7

Biogas production studies
Biotechnology of biomass utilization for biogas production integrates essential

aspects of feedstock preparation and fermentation brought about through the choice of the
best working conditions. An aggregate of such optimal working conditions consists of unit
operation processes as accomplished in this study. Values of daily and cumulative biogas
yields represent mean values for a retention period of 45 days. The result of the daily biogas
production for all the variants (ET–A, ET-CD, ET-SD, ETP-A, ETP-FG and ETP– FG-GL)
are graphically presented in Fig. 42.

Fig 42: Daily biogas yield for the different wastes.

Gas production for ETA, ET-CD, ET-SD and ETP-A commenced within 24 h of charging the
micro-digesters. However, ETP-FG-GL started biogas production from 48 h while ETP–FG
commenced gas production from the 7th day. The experiment was carried out under ambient
temperature range of 23oC – 36oC and slurry temperature range of 28oC – 48oC (All within
the mesophilic temperature range). Table 22 shows the physicochemical composition of the
various wastes.
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Table 22: Physicochemical composition of the wastes
Parameters

ET-A

ET-CD

ET-SD

ETP-A

ETP-FG

ETP-FGGL

Moisture (%)

21.50

45.90

55.15

83.30

58.70

74.90

Ash (%)

1.60

7.00

8.25

0.25

6.30

1.65

Crude fibre (%)

3.90

3.28

2.86

1.90

2.15

2.13

Crude fat (%)

0.43

0.27

0.44

0.25

0.24

0.49

Crude protein (%)

4.20

2.98

3.30

2.01

3.06

2.54

Crude nitrogen (%)

0.67

0.48

0.53

0.32

0.49

0.41

Total solids (%)

78.50

54.10

44.85

16.70

41.30

25.10

Volatile solids (%)

36.60

47.10

56.90

16.45

23.45

35.00

Carbon (%)

16.35

9.81

14.23

3.92

15.86

11.12

C/N ratio

24.40

20.44

26.84

12.26

32.37

27.12

Carbohydrate (%)

68.37

40.58

27.00

12.29

27.42

18.29

Calorific

125.20

176.65

294.14

59.47

87.70

125.26

Initial pH

7.59

8.09

8.11

7.98

6.14

6.29

pH at charging

7.51

7.80

7.85

7.42

6.97

7.21

value(kcal/g)

Onset of gas flammabilities took place at different periods as shown in Table (23). The ETP
–A and ETP–FG did not combust throughout the retention period and both systems had the
least biogas yields. The ET–SD had the highest cumulative biogas yield followed by the ET
– CD, while the ETP–A had the least biogas yield followed by the ETP–FG. There was
significant difference (P < 0.05%) between the biogas yields of ET-SD and ET–CD. There
was also significant difference between ET – SD and the rest. There was no significant
difference (P > 0.05%) between the biogas yield of ET-A, ET-CD and ETP-FG –GL and the
biogas yield of ETP–A and ETP–FG. (Appendix XII). The lag periods for the production of
flammable biogas (which is from the time of charging the digesters to the onset of gas
flammability) was the longest in the ETP–FG–GL, while the ET–SD and ET–CD had the
same lag periods. Biogas that will serve the basic need of cooking and lighting must be
flammable. If it burns, it means that the methane content is at least 45%. If it does not burn,
it means that the methane content is less than 45% and contains mainly CO2 and other
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gases314. Some biogas feedstock have shown from previous reports not to combust until after
21 days and some 30 days256,223. The need to reduce this lag phase to combustibility of
biogas in order to enable the end users utilize the gas efficiently and effectively have been the
subject of so many research efforts in recent times with regards to the utilization of the
different wastes and feedstocks in the environment.

Table 23: Lag period, cumulative and mean volume of gas production
Parameters

ET-A

ET-CD

ET-SD

ETP-A

ETP-FG

ETP-FG-GL

Lag period

8

5

5

Nil

Nil

13

Average

52.34±24.

63.70±56.6

84.44±58.6

15.06±6.7

vol. (ml/kg.

23

7

7

6

16.05±9.3
4

48.89±19.5
9

2,355.49

2,866.62

3800.01

677.71

722.15

2199.94

(days)

slurry)/day
Cumulative
vol. (ml/kg.
slurry)

The biogas production profile of ETP–A and ETP–FG in terms of biogas
daily/cumulative yield and onset of gas flammability was very poor.

Adequate

physicochemical properties are known to promote biogas production. The nutrient contents
(fat and protein) in the two wastes were low when compared with the other variants (Table
22). The volatile solids (which represent the biodegradable portion of the wastes) were also
the least in comparison with the other variants. Their energy contents were also the least.
The carbon to nitrogen (C/N) ratio of ETP-A was the least. The C/N ratio has been given to
be optimal in the range of 20 to 30:1315. This is because the micro-organisms that convert
wastes to biogas consume carbon 30 times faster than nitrogen. As a result, high carbon
contents will lead to lower nitrogen required for the growth and development of microorganisms, while higher nitrogen contents will lead to toxicity of the system and subsequent
death of the methanogens. The moisture content of ETP-A was quite high showing that the
waste was mainly watery with little nutrients. Most of the nutrients may have been taken up
during the fermentation to ethanol production. According to Brigas et al.,316, spent brewery
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waste is normally thrown out as a waste after the sparging operation in the brewery process.
This gives rise to the death of most of the microbes that should be inherent in the waste after
operation. As a result, spent wastes obtained in this way are normally attacked by moulds
which inhibit the growth of the bacteria in the waste. Therefore, for the spent waste to
produce flammable biogas, it has to be pre-decayed and co-digested with the good starter
wastes in order to improve on the microbial load of the waste. A look at the microbial total
variable count (Table 24) shows that the ETP–A had very low microbial load when compared
with the other variants. This corroborates the report by Uzodimma et al.,317 on the poor
biogas production of brewery spent grain when used alone.

Again, the process of

fermentation wort preparation (sterilization, pH control with acids and bases etc), may have
contributed to the poor production performance of ETP–A.

Table 24: Microbial total viable count (TVC)
Parameters

ET-A

ET-CD

ET-SD

ETP-A

ETP-FG

ETP-FG-GL

At charging

2.89x107

4.51x107 5.08x107

1.72x107

1.41x107

5.00x105

At flammability

2.21x107

3.05x107 4.52x107

At peak of

3.21x107

5.28x107 5.52x107

3.82x106

6.31x106

9.01x106

9.50x106

2.71x107 3.23x107

2.92x106

5.00x106

6.43x106

-

-

9.01x106

production
At end of digestion

Co-digestion of the ETP–A/FG with glycerol (ETP–FG–GL) improved most of the
physicochemical properties important/necessary for enhanced biogas production such as fat
content, volatile solids, energy content and C/N ratio.

This translated to an increased

microbial load, onset of gas flammability and cumulative biogas production. Glycerol (a byproduct of biodiesel production) has been reported by some researchers to improve biogas
production once the level is below 3% (optimum level has been reported to be at 1%)271. The
result of the present study confirms the report. When the glycerol for this experiment was
used at 50% level, there was no biogas production at all. However, when it was reduced to
1%, the gas production was increased by 186%. Co-digestion of the ETP–A with field grass
(FG) did not have any significant effect on the physicochemical properties of the gas
production profile in terms of biogas yield and gas flammability.
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The ET-A (which is the waste from the processing of the feedstocks to obtain the
starches), had better biogas production performance than the spent waste. This is obviously
as a result of the fact that the waste was at the primary stage of utilization unlike the spent
waste which had undergone a stage of usage and was at the secondary stage. Some of the
nutrients had not been eroded at this stage. The volatile solids and energy content of ET-A
were relatively high enough to give a moderate biogas yield. The C/N ratio was also within
the optimum level required for effective biogas production while the pH of the waste was
neutral providing conducive environment for the methanogens responsible for biogas
production (Table 22). However, this waste had longer onset of gas flammability of 9 days
when compared with the variant with cow dung and swine dung with 6 days lag periods.
Plant wastes contain a lot of cellulose, hemicellulose, pectin, lignin and plant wax. These
contents of plant wastes are very difficult to biodegrade and can be a major rate determining
step in the anaerobic digestion process318.

This probably affected the onset of gas

flammability for the ET–A. Co-digesting the ET–A with cow dung (CD) and swine dung
(SD) improved the physicochemical properties and consequently the gas production profile of
the waste. Animal wastes have been reported to be good biogas production enhancers and
starters233. The ET–SD had the highest cumulative biogas yield, energy content, volatile
solids, C/N ratio and nutrient content. In previous reports, cow dung has been rated as the
best biogas producer and hence, the best gas enhancer, however, that did not apply in this
study. Most often, the source of the animal waste and its feeding pattern contributes to the
biogas production capability of a particular waste319. The swine waste used for this study was
obtained from a domestic source unlike others normally obtained from farm settlements.
This may have influenced the production pattern of this variant (ET-SD).
Co-digestion of the ET–A with SD and CD increased the biogas yield by 61% and
22% respectively. This indicates that though using the waste alone can give reasonable yield
of biogas, combining it with animal wastes, would increase the yield significantly. The
results of the total viable count (TVC) in Table 24 indicate the microbial load of ET-A was
also increased by the combination with cow dung and swine dung. The microbial load started
out high, reducing during the point of flammability. Micro-organisms at the hydrolytic and
acidogenic/acetogenic stages died giving rise to the methanogens which are different types of
bacteria. Research findings have shown that anaerobic digestion does not actually destroy all
the micro-organisms but reduces them to a minimum level where they no longer constitute
health hazard320. These microbes increased till the peak of digestion and reduced at the end
of the retention period. This confirms the report of Elango et al.,
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who maintained that
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after 35 days (stationary phase), the methanogenic bacteria are not capable to utilize the
substrate because most of the bacteria changes to the death phase and so the remaining waste
material in the digester changes to acidic stage ultimately reducing the generation of biogas.

4.7.2 Modeling of biogas yield with time
In view of the fact that anaerobic digestion of substrates is generally a function of
time, this relationship was quantified using regression analysis. Cumulative weekly biogas
yield (Table 25) was modeled with time to determine how the gas yield of this waste type can
be predicted with time.

Table 25: Biogas yield with time for the waste variants (weekly cumulative)
ET – A

ET – CD

ET – SD

ETP – A

ETP – FG

ETP-FG/GL

7

366.66

1,222.21

1188.89

55.55

22.22

222.20

14

500.00

355.55

777.77

777.77

122.21

377.78

21

388.89

266.67

444.44

88.88

99.99

333.33

28

322.20

288.87

433.33

133.32

122.21

411.12

35

299.98

311.09

422.23

155.54

177.76

333.31

42

255.54

288.90

366.68

122.21

111.10

344.43

45

222.22

133.33

166.67

44.44

66.66

177.77

Time
(days)

The model gave the equation represented below;

GV

=

P0 + P1 x t………………………………………………(2)

Where;
GV

=

Gas volume (l/kg slurry)

t

=

Time (days)

P0, P1 =

Constants (Table 27)

From equation 2, the analysis indicated that gas yield for these waste types can be
predicted as a function of time but with some limitations. The regression parameters for the
equation (Table 26) indicates that the equation can only be reliably applied for the prediction

147
of gas yield for ET–A and ET–SD (Ra2 = 70% and 80% respectively). The co-efficient of
multiple determinations Ra2 is also shown for each of the six wastes studied. The obtained
models especially ET–CD, ETP–A, ETP–FG and ETP–FG–GL does not adequately describe
the dependence of gas volume on time for this waste type (Appendix XIV – XIX). This study
was carried out between January and February - the hottest seasons/months in the year with
high ambient temperatures. Thus, the wastes were expected to give a better pattern of biogas
production. This indicates that during the wet/cold seasons, the gas production would be
highly unpredictable. Even though the models generated were poor, however, they give a fair
idea of the pattern of the biogas production over time for these waste types under the
prevailing environmental conditions.

Table 26: Regression parameters for gas volume vs time
P0

P1

Ra2 (%)

R2 (%)

Prob(t)

ET – A

485.67

-5.44

67.00

70.0

0.00017

ET – CD

913.51

-18.38

41.80

51.50

0.01311

ET – SD

1125.49

-21.24

76.76

80.63

0.00051

ETP – A

73.33

0.86

-9.58

8.68

0.11050

ETP – FG

69.77

1.22

-4.85

12.63

0.17015

ETP-FG-GL

333.41

-0.70

-18.29

1.43

0.00852

Waste Type
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CHAPTER FIVE
CONCLUSIONS/ RECOMMENDATIONS

5.0. Conclusions
The four starch feedstock (acha, tacca, finger millet and tigernut) has been
investigated for their biofuels potentials for bioethanol and biogas productions. These four
starch feedstocks have been largely reported to be underutilized and needs attention. Their
incorporation into the bioethanol feedstock base would alleviate the fears and concerns for
food shortage with regards to bioethanol production. An in depth assessment has been
carried out on their starch yields, proximate compositions, gelatinization profile, hydrolysis
profile in terms of optimum reducing sugars obtainable (using malted barley as enzyme),
optimum hydrolysis reaction times at optimum slurry concentrations, fermentation
efficiencies and ethanol yields.

The wastes emanating from their processing was also

investigated for its biogas production capability in terms of biogas yields, gas flammability
and retention times. The results have shown that;
(i) Acha ranks best amongst the four in all the parameters investigated, while tigernut
gave the poorest performance.

The tacca and the finger millet gave good results and

competed favourably with each other in most of the parameters investigated. General results
have shown that the three feedstocks (acha, tacca, finger millet) are very good primary
sources of feedstock for bioethanol production, while tigernut would be better considered as a
supplementary feedstock.
(ii) The informations contained in the study would help plant breeders to come up
with genotypes of these feedstocks with higher amylopectin contents, free α-amino nitrogen
(FAN), low fat content especially to suit the bioethanol industry since low amylose and high
amylopectin contents, higher FAN contents and lower fat contents encourage higher ethanol
yields.
(iii) For the co-utilization of the wastes for biogas production, results have shown that
using the processed wastes alone would not give desirable results. Combining them or codigesting the processed wastes with animal wastes would give better yields of biogas thereby
supplementing the energy supply to the industry and providing an effective waste
management system.
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5.1. Recommendations
(i) The country as a matter of urgency should be encouraged to go into the extensive
and mechanized cultivation of these crops to boost the feedstock base of our bioethanol
industries instead of relying only on cassava and corn.
(ii) The tacca tuber should be used in the dry form to increase the yield of starch
obtainable from it since the fresh tubers have high moisture content.
(iii) The spent slurry emanating from the biogas system could also be dried, bagged
and sold as biofertilizer, thereby providing cheep source of revenue to the industry.
(iv) Use of the crude glycerol in biogas production has been shown from this study to
be another outlet for its utilization since purification of glycerol is very expensive.
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APPENDIX I
Modelling of Gel Time vs Volume for Acha
1: Variables Vol,GelT;
2: Parameters p0,p1,p3;
3: Function GelT = p0 + p1*Vol;
4: Plot;
5: Data;
Parameter p3 is never used and is being eliminated.
Number of observations = 4
Maximum allowed number of iterations = 500
Convergence tolerance factor = 1.000000E-010
Stopped due to: Relative function convergence.
Number of iterations performed = 4
Final sum of squared deviations = 4.0000000E+000
Final sum of deviations = -7.9472862E-008
Standard error of estimate = 1.41421
Average deviation = 1
Maximum deviation for any observation = 1
Proportion of variance explained (R^2) = 0.9524 (95.24%)
Adjusted coefficient of multiple determination (Ra^2) = 0.9286 (92.86%)
Durbin-Watson test for autocorrelation = 2.000
Analysis completed 4-Feb-2012 11:07. Runtime = 0.03 seconds.

---- Descriptive Statistics for Variables ----

Variable

Minimum value Maximum value

Mean value

Standard dev.

------------------ -------------- -------------- -------------- -------------Vol
GelT

200

350

275

64.54972

18

30

25

5.291503
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---- Calculated Parameter Values ----

Parameter

Initial guess Final estimate Standard error

t

Prob(t)

------------------ ------------- ---------------- -------------- --------- ------p0

1

3.0000005

3.549648

0.85

0.48701

p1

1

0.0799999983

0.01264911

6.32

0.02410

---- Analysis of Variance ----

Source

DF Sum of Squares

Mean Square

F value Prob(F)

---------- ---- -------------- -------------- --------- ------Regression

1

80

80

Error

2

4

2

Total

3

84

40.00

0.02410
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APPENDIX II
Modelling of Gel Time vs Volume for Millet
1: Variables Vol,GelT;
2: Parameters p0,p1,p3;
3: Function GelT = p0 + p1*Vol;
4: Plot;
5: Data;
Parameter p3 is never used and is being eliminated.

Number of observations = 4
Maximum allowed number of iterations = 500
Convergence tolerance factor = 1.000000E-010
Stopped due to: Relative function convergence.
Number of iterations performed = 4
Final sum of squared deviations = 4.8000000E+000
Final sum of deviations = -5.3290705E-014
Standard error of estimate = 1.54919
Average deviation = 1
Maximum deviation for any observation = 1.6
Proportion of variance explained (R^2) = 0.7714 (77.14%)
Adjusted coefficient of multiple determination (Ra^2) = 0.6571 (65.71%)
Durbin-Watson test for autocorrelation = 2.233
Analysis completed 4-Feb-2012 11:24. Runtime = 0.01 seconds.

---- Descriptive Statistics for Variables ----

Variable

Minimum value Maximum value

Mean value

Standard dev.

------------------ -------------- -------------- -------------- -------------Vol
GelT

250
18

400

325

64.54972

24

20.5

2.645751
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---- Calculated Parameter Values ----

Parameter

Initial guess Final estimate Standard error t

Prob(t)

------------------ ------------- ---------------- -------------- --------- ------p0

1

8.79999993

4.569464

1.93

0.19398

p1

1

0.0360000002

0.01385641

2.6

0.12169

---- Analysis of Variance ----

Source

DF Sum of Squares

Mean Square

F value Prob(F)

---------- ---- -------------- -------------- --------- ------Regression

1

16.2

16.2

Error

2

4.8

2.4

Total

3

21

6.75

0.12169
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APPENDIX III
Modelling of Gel Time vs Volume for Tigernut
1: Variables Vol,GelT;
2: Parameters p0,p1,p3,p5,p7;
3: Function GelT = p0 + p1*Vol;
4: Plot;
5: Data;

Number of observations = 4
Maximum allowed number of iterations = 500
Convergence tolerance factor = 1.000000E-010
Stopped due to: Both parameter and relative function convergence.
Number of iterations performed = 4
Final sum of squared deviations = 1.4700000E+001
Final sum of deviations = -2.8421709E-014
Standard error of estimate = 2.71109
Average deviation = 1.7
Maximum deviation for any observation = 2.8
Proportion of variance explained (R^2) = 0.9268 (92.68%)
Adjusted coefficient of multiple determination (Ra^2) = 0.8902 (89.02%)
Durbin-Watson test for autocorrelation = 2.233
Analysis completed 4-Nov-2011 09:22. Runtime = 0.03 seconds.

---- Descriptive Statistics for Variables ----

Variable

Minimum value Maximum value

Mean value

Standard dev.

------------------ -------------- -------------- -------------- -------------Vol
GelT

350
40

500

425

64.54972

59

47.75

8.180261
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---- Calculated Parameter Values ----

Parameter

Initial guess Final estimate Standard error

t

Prob(t)

------------------ ------------- ---------------- -------------- --------- ------p0

1

-4.10000028

10.39447

-0.39

0.73134

p1

1

0.122000001

0.02424871

5.03

0.03731

---- Analysis of Variance ----

Source

DF Sum of Squares

Mean Square

F value Prob(F)

---------- ---- -------------- -------------- --------- ------Regression 1

186.05

186.05

Error

2

14.7

7.35

Total

3

200.75

25.31

0.03731
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APPENDIX IV
Modelling of Gel Time vs Volume for Tacca
1: Variables Vol,GelT;
2: Parameters p0,p1,p3;
3: Function GelT = p0 + p1*Vol;
4: Plot;
5: Data;

Number of observations = 4
Maximum allowed number of iterations = 500
Convergence tolerance factor = 1.000000E-010
Stopped due to: Both parameter and relative function convergence.
Number of iterations performed = 4
Final sum of squared deviations = 2.8000000E+000
Final sum of deviations = 1.5894571E-008
Standard error of estimate = 1.18322
Average deviation = 0.7
Maximum deviation for any observation = 1.4
Proportion of variance explained (R^2) = 0.5333 (53.33%)
Adjusted coefficient of multiple determination (Ra^2) = 0.3000 (30.00%)
Durbin-Watson test for autocorrelation = 2.900
Analysis completed 4-Nov-2011 09:43. Runtime = 0.02 seconds.

---- Descriptive Statistics for Variables ----

Variable

Minimum value Maximum value

Mean value

Standard dev.

------------------ -------------- -------------- -------------- -------------Vol

100

400

250

129.0994

GelT

21

24

23

1.41421
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---- Calculated Parameter Values ----

Parameter

Initial guess Final estimate Standard error

t

Prob(t)

------------------ ------------- ---------------- -------------- --------- ------p0

1

21.0000001

p1

1

0.00799999972

1.449138

14.49

0.00473

0.005291503 1.51

0.26970

---- Analysis of Variance ----

Source

DF Sum of Squares

Mean Square

F value Prob(F)

---------- ---- -------------- -------------- --------- ------Regression

1

3.2

3.2

Error

2

2.8

1.4

Total

3

6

2.29

0.26970
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APPENDIX V
Table 1 (a): Summary of results on the comparison of mean reducing sugar in 2.0ml/g
ACHA*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
1.5
125.00±0.15a 121.95±0.11a
111.11±0.16a 119.35±6.27
2.0
125.00±0.29a 131.58±0.26b
178.57±0.84b 145.05±25.45
2.5
131.58±0.20b
131.58±0.42b
192.31±0.15c 151.82±30.15
c
c
3.0
135.14±0.03
147.06±0.38
227.27±0.30d 169.82±43.19
3.5
138.90±0.13d
156.25±0.17d
238.09±0.30e 177.75±46.02
Column mean
131.12±0.09
137.68±0.13
189.47±0.28
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.
WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
1.5
125.00±0.15a 121.95±0.11b
111.11±0.16c 119.35±6.27
2.0
125.00±0.29a 131.58±0.26b
178.57±0.84c 145.05±25.45
2.5
131.58±0.20a 131.58±0.42a
192.31±0.15b 151.82±30.15
a
b
3.0
135.14±0.03
147.06±0.38
227.27±0.30c 169.82±43.19
3.5
138.90±0.13a 156.25±0.17b
238.09±0.30c 177.75±46.02
Column mean
131.12±0.09
137.68±0.13
189.47±0.28
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.

Table 1 (b): Summary of results on the comparison of mean reducing sugar in 2.5 ml/g
ACHA*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
a
a
1.5
113.64±0.06
113.64±0.32
121.95±0.57
116.41±4.26
2.0
121.95±0.23b
119.05±0.54b
121.95±0.42a 120.98±1.74
2.5
125.00±0.22c
125.00±0.19c
125.00±0.50b 125.00±0.30
3.0
128.21±0.12d
128.21±0.29d
135.14±0.51c 130.19±3.29
d
e
3.5
128.21±0.15
131.58±0.08
138.90±0.81d 132.90±4.94
Column mean 123.40±0.07
123.50±0.17
128.39±0.15
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.
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WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
a
b
1.5
113.64±0.06
113.64±0.32
121.95±0.57
116.41±4.26
2.0
121.95±0.23a
119.05±0.54b
121.95±0.42a 120.98±1.74
2.5
125.00±0.22a
125.00±0.19a
125.00±0.50a 125.00±0.30
3.0
128.21±0.12a
128.21±0.29a
135.14±0.51b 130.19±3.29
a
b
3.5
128.21±0.15
131.58±0.08
138.90±0.81c 132.90±4.94
Column mean 123.40±0.07
123.50±0.17
128.39±0.15
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.

Table 1 (c): Summary of results on the comparison of mean reducing sugar in 3.0 ml/g of
ACHA*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
1.5
104.17±0.26a
102.04±0.28a
108.70±0.36a 104.97±3.08
2.0
108.70±0.26b
106.38±0.60b
111.11±0.19b 108.73±2.17
2.5
113.64±0.76c
113.64±0.28c
113.64±0.48c 113.64±0.54
c
d
3.0
113.64±0.06
119.05±0.33
121.95±0.49d 113.21±3.60
3.5
119.05±0.25d
119.05±0.15d
125.00±0.12e 121.03±3.04
e
e
4.0
125.00±0.56
125.00±0.52
125.00±0.49e 125.00±0.46
Column mean 114.03±0.28
114.19±0.18
117.60±0.57
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.
WITHIN TIME
Enzyme concentration (g‟g)
Time (hr)
0.1
0.2
0.3
Row mean
1.5
104.17±0.26a
102.04±0.28b
108.70±0.36c 104.97±3.08
2.0
108.70±0.26a
106.38±0.60b
111.11±0.19c 108.73±2.17
a
a
2.5
113.64±0.76
113.64±0.28
113.64±0.48a 113.64±0.54
a
b
3.0
113.64±0.06
119.05±0.33
121.95±0.49c 113.21±3.60
3.5
119.05±0.25a
119.05±0.15a
125.00±0.12b 121.03±3.04
a
a
4.0
125.00±0.56
125.00±0.52
125.00±0.49a 125.00±0.46
Column mean 114.03±0.28
114.19±0.18
117.60±0.57
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.
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Table 1 (d): Summary of results on the comparison of mean reducing sugar in 3.5ml/g of
ACHA*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
a
a
1.5
96.15±0.07
108.70±0.47
108.70±0.61
104.52±6.38
2.0
104.17±0.33b
113.64±0.11b
119.05±0.58b
112.29±6.75
c
c
c
2.5
108.70±0.39
116.28±0.40
121.95±0.35
115.64±5.92
3.0
116.28±0.08d
125.00±0.69d
125.00±0.46d
122.09±4.29
e
d
d
3.5
121.95±0.49
125.00±0.50
125.00±0.56
123.98±1.77
Column mean 109.45±0.19
117.72±0.21
119.94±0.11
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.
WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
b
b
1.5
96.15±0.07
108.70±0.47
108.70±0.61
104.52±6.38
2.0
104.17±0.33a
113.64±0.11b
119.05±0.58c
112.29±6.75
2.5
108.70±0.39a
116.28±0.40b
121.95±0.35c
115.64±5.92
3.0
116.28±0.08a
125.00±0.69b
125.00±0.46b
122.09±4.29
3.5
121.95±0.49a
125.00±0.50b
125.00±0.56b
123.98±1.77
Column mean 109.45±0.19
117.72±0.21
119.94±0.11
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.
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Table 2 (a): Summary of results on the comparison of mean reducing sugar in 2.5ml/g of
MILLET*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
1.5
65.79±0.01a
89.29±0.04a
92.59±0.06a 82.56±12.68
2.0
73.53±0.06b
104.17±0.03b
108.70±0.04b 95.47±16.57
2.5
80.65±0.02c
104.17±0.03c
111.11±0.05c 99.38±14.20
d
d
3.0
100.00±0.02
108.70±0.03
113.64±0.04d 107.45±5.96
3.5
104.17±0.08e
111.11±0.03e
113.64±0.04d 109.64±4.23
Column mean 84.83±0.04
103.93±0.03
107.94±0.05
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.

WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
b
c
1.5
65.79±0.01
89.29±0.04
92.59±0.06
82.56±12.68
2.0
73.53±0.06a
104.17±0.03b
108.70±0.04c 95.47±16.5
2.5
80.65±0.02a
104.17±0.03b
111.11±0.05c 99.38±14.20
3.0
100.00±0.02a
108.70±0.03b
113.64±0.04c 107.45±5.96
a
b
3.5
104.17±0.08
111.11±0.03
113.64±0.04c 109.64±4.23
Column mean 84.83±0.04
103.93±0.03
107.94±0.05
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.

Table 2 (b): Summary of results on the comparison of mean reducing sugar in 3.0 ml/g of
MILLET*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
a
a
1.5
100.00±0.03
104.17±0.04
108.17±0.08
104.11±3.54
2.0
104.17±0.05b
108.70±0.08b
113.04±0.01b 108.64±3.84
2.5
108.70±0.03c
119.05±0.03c
121.95±0.05c 116.57±6.02
d
d
3.0
113.64±0.07
125.00±0.01
125.00±0.05d 121.21±5.70
e
d
3.5
116.28±0.00
125.00±0.02
125.00±0.03d 122.09±4.36
Column mean 108.56±0.04
116.38±0.04
118.63±0.05
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.

186
WITHIN TIME
Enzyme concentration ( g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
b
c
1.5
100.00±0.03
104.17±0.04
108.17±0.08
104.11±3.54
2.0
104.17±0.05a
108.70±0.08b
113.04±0.01c 108.64±3.84
2.5
108.70±0.03a
119.05±0.03b
121.95±0.05c 116.57±6.02
3.0
113.64±0.07a
125.00±0.01b
125.00±0.05b 121.21±5.70
a
b
3.5
116.28±0.00
125.00±0.02
125.00±0.03b 122.09±4.36
Column mean 108.56±0.04
116.38±0.04
118.63±0.05
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.

Table 2 (c): Summary of results on the comparison of mean reducing sugar in 3.5 ml/g of
MILLET*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
1.5
96.15±0.04a
100.00±0.01a
104.70±0.02a 100.28±3.70
2.0
98.04±0.00b
102.00±0.08b
104.70±0.07a 101.58±2.90
2.5
102.04±0.03c
104.00±0.01c
108.70±0.05b 104.91±2.99
d
d
3.0
106.38±0.06
108.00±0.03
111.11±0.01c 108.50±2.07
3.5
108.70±0.01e
113.64±0.04e
116.28±0.05d 112.87±3.32
Column mean 102.26±0.03
105.53±0.03
109.10±0.04
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.
WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
b
c
1.5
96.15±0.04
100.00±0.01
104.70±0.02
100.28±3.70
2.0
98.04±0.00a
102.00±0.08b
104.70±0.07c 101.58±2.90
2.5
102.04±0.03a
104.00±0.01b
108.70±0.05c 104.91±2.99
a
b
3.0
106.38±0.06
108.00±0.03
111.11±0.01c 108.50±2.07
a
b
3.5
108.70±0.01
113.64±0.04
116.28±0.05c 112.87±3.32
Column mean 102.26±0.03
105.53±0.03
109.10±0.04
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.
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Table 2 (d): Summary of results on the comparison of mean reducing sugar in 4.0 ml/g of
MILLET*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
a
a
1.5
65.79±0.04
64.44±0.02
80.65±0.05
65.79±6.72
2.0
69.44±0.05b
71.43±0.05b
86.21±0.01b
69.44±7.94
c
c
c
2.5
73 53±0.04
73.53±0.03
89.29±0.03
73.53±7.87
3.0
83.33±0.03d
80.65±0.05d
92.59±0.03d
83.33±5.44
e
e
d
3.5
89.29±0.08
92.59±0.02
92.59±0.07
89.29±1.67
Column mean 65.79±0.05
69.44±0.03
80.65±0.04
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.

WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
b
c
1.5
65.79±0.04
64.44±0.02
80.65±0.05
65.79±6.72
2.0
69.44±0.05a
71.43±0.05b
86.21±0.01c
69.44±7.94
2.5
73 53±0.04a
73.53±0.03a
89.29±0.03b
73.53±7.87
a
b
c
3.0
83.33±0.03
80.65±0.05
92.59±0.03
83.33±5.44
3.5
89.29±0.08a
92.59±0.02b
92.59±0.07b
89.29±1.67
Column mean 65.79±0.05
69.44±0.03
80.65±0.04
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.

188

APPENDIX VII
Table 3 (a): Summary or result on the comparison of mean reducing sugar in 1.0 ml/g of
TACCA*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
1.5
69.44±0.02a
73.53±0.07a
56.20±0.02a
66.39±7.85
2.0
104.17±0.04b
113.64±0.03b
113.64±0.00b
110.48±4.71
2.5
108.70±0.01c
116.28±0.02c
119.05±0.02c
114.68±4.65
3.0
119.05±0.02d
121.95±0.01d
125.00±0.06d
122.00±2.59
3.5
125.00±0.06e
125.00±0.01e
125.00±0.01d
125.00±0.05
Column mean 105.27±0.03
110.08±0.03
107.78±0.02
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.
WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
1.5
69.44±0.02a
73.53±0.07b
56.20±0.02c
66.39±7.85
2.0
104.17±0.04a
113.64±0.03b
113.64±0.00b
110.48±4.71
2.5
108.70±0.01a
116.28±0.02b
119.05±0.02c
114.68±4.65
3.0
119.05±0.02a
121.95±0.01b
125.00±0.06c
122.00±2.59
3.5
125.00±0.06a
125.00±0.01a
125.00±0.01a
125.00±0.05
Column mean 105.27±0.03
110.08±0.03
107.78±0.02
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.

Table 3 (b): Summary of results on the comparison of mean reducing sugar in 2.0ml/g of
TACCA*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
a
a
1.5
89.29±0.01
96.15±0.07
104.17±0.06
96.54±6.45
2.0
100.00±0.03b
96.15±0.03a
113.64±0.04b
103.26±7.96
2.5
131.58±0.07c
131.58±0.02b
138.89±0.07c
134.02±3.65
3.0
138.14±0.03d
138.89±0.01c
151.52±0.04d
142.85±6.49
e
d
3.5
142.86±0.01
142.86±0.02
161.29±0.04e
149.00±9.23
4.0
192.31±0.05f
192.31±0.04e
192.31±0.01f
192.31±0.04
Column mean 140.98±0.04
140.36±0.02
151.53±0.04
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.
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WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
b
c
1.5
89.29±0.01
96.15±0.07
104.17±0.06
96.54±6.45
2.0
100.00±0.03a
96.15±0.03b
113.64±0.04c
103.26±7.96
a
a
b
2.5
131.58±0.07
131.58±0.02
138.89±0.07
134.02±3.65
3.0
138.14±0.03a
138.89±0.01b
151.52±0.04c
142.85±6.49
3.5
142.86±0.01a
142.86±0.02a
161.29±0.04b
149.00±9.23
4.0
192.31±0.05a
192.31±0.04a
192.31±0.01a
192.31±0.04
Column mean 140.98±0.04
140.36±0.02
151.53±0.04
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.
Table 3(c): Summary of results on the comparison of mean reducing sugar in 3.0 ml/g of
TACCA*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
1.5
96.15±0.03a
104.17±0.05a 113.64±0.01a
104.65±7.59
2.0
104.17±0.02b
113.64±0.04b 131.58±0.05b
116.46±12.05
2.5
131.58±0.04c 125.00±0.01c 192.31±0.05c
149.63±32.12
3.0
138.89±0.03d
131.58±0.01d 208.33±0.02d
159.60±36.68
e
e
d
3.5
192.31±0.02
208.33±0.02
208.33±0.05
202.99±7.99
Column mean 132.62±0.03 136.54±0.03
170.84±0.03
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.
WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
b
c
1.5
96.15±0.03
104.17±0.05
113.64±0.01
104.65±7.59
2.0
104.17±0.02a 113.64±0.04b 131.58±0.05c
116.46±12.05
a
b
c
2.5
131.58±0.04
125.00±0.01
192.31±0.05
149.63±32.12
3.0
138.89±0.03a 131.58±0.01b 208.33±0.02c
159.60±36.68
a
b
b
3.5
192.31±0.02
208.33±0.02
208.33±0.05
202.99±7.99
Column mean 132.62±0.03 136.54±0.03
170.84±0.03
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.
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Table 3 (d): Summary of results on the comparison of mean reducing sugar in 4.0 ml/g of
TACCA*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
a
a
1.5
68.49±0.02
70.42±0.04
87.72±0.03
75.54±9.18
2.0
68.49±0.04a
78.13±0.05b
94.34±0.03b
80.32±11.33
b
c
c
2.5
74.63±0.03
80.65±0.06
83.33±0.04
79.54±3.88
3.0
108.70±0.02c
135.14±0.01d
138.89±0.04d
127.58±14.28
d
d
e
3.5
116.28±0.04
135.14±0.01
147.06±0.04
132.83±13.44
4.0
125.00±0.05e
178.57±0.03e
192.31±0.04f
165.29±30.81
Column mean 98.62±0.03
121.53±0.04
131.19±0.04
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.

WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
b
c
1.5
68.49±0.02
70.42±0.04
87.72±0.03
75.54±9.18
2.0
68.49±0.04a
78.13±0.05b
94.34±0.03c
80.32±11.33
2.5
74.63±0.03a
80.65±0.06b
83.33±0.04c
79.54±3.88
a
b
c
3.0
108.70±0.02
135.14±0.01
138.89±0.04
127.58±14.28
3.5
116.28±0.04a
135.14±0.01b
147.06±0.04c
132.83±13.44
a
b
c
4.0
125.00±0.05
178.57±0.03
192.31±0.04
165.29±30.81
Column mean 98.62±0.03
121.53±0.04
131.19±0.04
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.
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Table 4(a): Summary of results on the comparison of mean reducing sugar in 3.5 ml/g
TIGER NUT*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
1.5
65.70±0.03a
68.49±0.04a
68.49±0.01a
67.56±1.40
2.0
66.67±0.03b
69.44±0.05b
70.42±0.04b
68.84±1.67
2.5
67.57±0.04c
70.42±0.05c
71.43±0.01c
69.81±1.70
3.0
68.49±0.06d
71.43±0.01d
72.46±0.05d
70.79±1.82
3.5
70.42±0.05e
72.46±0.01e
72.46±0.08d
71.78±1.03
Column mean 67.77±0.05
70.45±0.03
71.05±0.04
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.
WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
1.5
65.70±0.03a
68.49±0.04b
68.49±0.01b
67.56±1.40
2.0
66.67±0.03a
69.44±0.05b
70.42±0.04c
68.84±1.67
2.5
67.57±0.04a
70.42±0.05b
71.43±0.01c
69.81±1.70
a
b
c
3.0
68.49±0.06
71.43±0.01
72.46±0.05
70.79±1.82
3.5
70.42±0.05a
72.46±0.01b
72.46±0.08b
71.78±1.03
Column mean 67.77±0.05
70.45±0.03
71.05±0.04
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.
Table 4(b): Summary of results on the comparison of mean reducing sugar in 4.0 ml/g of
TIGER NUT*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
1.5
73.53±0.08a
75.76±0.04a
76.92±0.10a
75.40±1.48
2.0
74.63±0.02b
78.13±0.04b
80.65±0.03b
77.80±2.59
2.5
75.76±0.06c
81.97±0.00c
83.33±0.02c
80.35±3.49
3.0
78.13±0.03d
83.33±0.07d
84.75±0.02d
82.07±3.03
e
e
d
3.5
80.65±0.03
84.75±0.04
84.75±0.04
83.38±2.03
Column mean 76.54±0.04
80.79±0.04
82.08±0.04
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.
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WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
b
c
1.5
73.53±0.08
75.76±0.04
76.92±0.10
75.40±1.48
2.0
74.63±0.02a
78.13±0.04b
80.65±0.03c
77.80±2.59
a
b
c
2.5
75.76±0.06
81.97±0.00
83.33±0.02
80.35±3.49
3.0
78.13±0.03a
83.33±0.07b
84.75±0.02c
82.07±3.03
a
b
b
3.5
80.65±0.03
84.75±0.04
84.75±0.04
83.38±2.03
Column mean 76.54±0.04
80.79±0.04
82.08±0.04
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.
Table 4(c): Summary of results on the comparison of mean reducing sugar in 4.5 ml/g of
TIGER NUT*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
a
a
1.5
74.63±0.02
79.37±0.02
79.37±0.06
77.79±2.38
2.0
75.76±0.02b
80.65±0.04b
83.33±0.04b
79.91±3.34
c
c
c
2.5
79.37±0.01
83.33±0.05
84.75±0.01
82.48±2.41
3.0
83.33±0.03d
84.75±0.04d
86.21±0.03d
84.76±1.25
3.5
84.75±0.05e
84.75±0.02d
86.21±0.07d
85.24±0.71
Column mean 79.57±0.03
82.57±0.03
83.97±0.04
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference
WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
b
b
1.5
74.63±0.02
79.37±0.02
79.37±0.06
77.79±2.38
2.0
75.76±0.02a
80.65±0.04b
83.33±0.04c
79.91±3.34
2.5
79.37±0.01a
83.33±0.05b
84.75±0.01c
82.48±2.41
a
b
c
3.0
83.33±0.03
84.75±0.04
86.21±0.03
84.76±1.25
3.5
84.75±0.05a
84.75±0.02a
86.21±0.07b
85.24±0.71
Column mean 79.57±0.03
82.57±0.03
83.97±0.04
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.
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Table 4(d): Summary of results on the comparison of mean reducing sugar in 5.0 ml/g of
TIGER NUT*
WITHIN CONCENTRATION
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
a
a
1.5
68.49±0.02
69.44±0.03
70.42±0.04
69.45±0.83
2.0
69.44±0.03b
70.42±0.03b
71.43±0.02b
70.43±0.88
b
c
c
2.5
69.44±0.04
71.43±0.08
73.53±0.04
71.47±1.78
3.0
71.43±0.02c
74.63±0.02d
75.76±0.01d
73.94±1.96
d
e
d
3.5
73.53±0.01
75.76±0.02
75.76±0.06
75.02±1.13
Column mean 70.47±0.03
72.34±0.04
73.38±0.03
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.

WITHIN TIME
Enzyme concentration (g/g)
Time (hr)
0.1
0.2
0.3
Row mean
a
b
c
1.5
68.49±0.02
69.44±0.03
70.42±0.04
69.45±0.83
2.0
69.44±0.03a
70.42±0.03b
71.43±0.02c
70.43±0.88
2.5
69.44±0.04a
71.43±0.08b
73.53±0.04c
71.47±1.78
a
b
c
3.0
71.43±0.02
74.63±0.02
75.76±0.01
73.94±1.96
3.5
73.53±0.01a
75.76±0.02b
75.76±0.06b
75.02±1.13
Column mean 70.47±0.03
72.34±0.04
73.38±0.03
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.
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APPENDIX IX
Table 5: Summary of results on the comparison of mean reducing sugar in different feed
stock*
WITHIN FEED STOCK
TIME
ACHA
MILLET
TACCA
TIGERNUT Row mean
a
a
1.5
111.37±8.40
89.74±15.14
85.79±17.34a 72.55±4.53a
89.86±18.65
b
ab
2.0
121.75±19.22
95.33±15.41
102.62±16.58b 74.25±5.26a
98.48±22.66
2.5
126.53±21.41b 99.91±16.23b 119.47±30.85c 76.04±6.03a
105.48±28.37
3.0
135.06±29.52c 105.67±13.88bc 138.02±24.18d 77.89±6.14a
114.15±31.86
c
c
e
a
3.5
138.92±32.14
109.02±11.77 152.47±32.06 78.85±5.83
119.82±32.79
Column
mean
126.73±9.79
99.93±6.94
119.67±23.88 75.91±2.31
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.
WITHIN TIME
TIME
ACHA
MILLET
TACCA
TIGERNUT Row mean
a
b
1.5
111.37±8.40
89.74±15.14
85.79±17.34c 72.55±4.53d
89.86±18.65
2.0
121.75±19.22a 95.33±15.41b 102.62±16.58c 74.25±5.26d
98.48±22.66
a
b
c
d
2.5
126.53±21.41
99.91±16.23
119.47±30.85
76.04±6.03
105.48±28.37
3.0
135.06±29.52a 105.67±13.88b 138.02±24.18c 77.89±6.14d
114.15±31.86
a
b
c
d
3.5
138.92±32.14
109.02±11.77 152.47±32.06 78.85±5.83
119.82±32.79
Column
mean
126.73±9.79
99.93±6.94
119.67±23.88 75.91±2.31
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.
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APPENDIX X
Table 6(a): Summary of results on the comparison of mean reducing sugar in different feed
stocks for 0.1g/g enzyme concentration*

TIME
1.5
2.0
2.5
3.0
3.5

WITHIN FEED STOCK
ACHA
MILLET
TACCA
TIGERNUT Row mean
109.73±11.28a 81.93±16.91a
80.84±12.66a
70.59±3.82a
85.77±16.77
ab
a
b
a
114.97±9.32
86.28±15.71
94.20±15.61
71.63±3.88
91.77±18.07
119.58±9.77bc
91.22±15.21ab
111.62±24.35c 73.06±4.95a
98.87±20.94
123.33±9.15c
100.84±11.71bc 126.20±13.44d 75.33±6.05a
106.42±23.63
126.89±8.13c
104.61±10.30c
144.14±30.73e 77.35±5.93a
113.25±28.89

Column
mean
118.90±6.77
92.98±9.58
111.40±25.10 73.59±2.75
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.

WITHIN TIME
TIME
1.5
2.0
2.5
3.0
3.5
Column
mean

ACHA
MILLET
TACCA
TIGERNUT Row mean
109.73±11.28a 81.93±16.91b
80.84±12.66b
70.59±3.82c
a
b
c
114.97±9.32
86.28±15.71
94.20±15.61
71.63±3.88d
a
b
c
119.58±9.77
91.22±15.21
111.62±24.35
73.06±4.95d
a
b
c
123.33±9.15
100.84±11.71
126.20±13.44
75.33±6.05d
a
b
c
126.89±8.13
104.61±10.30
144.14±30.73
77.35±5.93d
118.90±6.77

92.98±9.58

111.40±25.10

85.77±16.77
91.77±18.07
98.87±20.94
106.42±23.63
113.25±28.89

73.59±2.75

*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05)
difference.

Table 6 (b): Summary of results on the comparison of mean reducing sugar in different feed
stocks for 0.2 g/g enzyme concentration*
TIME
1.5
2.0
2.5
3.0
3.5

WITHIN FEED STOCK
ACHA
MILLET
TACCA
TIGERNUT Row mean
111.63±7.61a
90.74±14.05a
86.07±15.04a
73.25±4.71a
ab
ab
b
117.45±9.59
96.58±15.40
100.37±15.35
74.64±5.0a
bc
b
c
121.86±7.55
100.73±17.45
113.38±20.53
76.77±6.17a
cd
bc
d
129.77±11.24
105.59±16.63
131.91±6.58
78.53±5.89a
132.90±14.78d 110.58±12.14c
152.83±34.11e
79.42±5.69a

90.42±15.95
97.26±17.60
103.18±19.63
111.45±24.98
118.93±31.49

Column
Mean
122.72±8.73 100.84±7.71
152.83±34.11
76.52±5.69
*Values are means ± SD; same superscript among COLUMNS indicate no significant
(p>0.05) difference.
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Table 6(c): Summary of results on the comparison of mean reducing sugar in different feed
stocks for 0.3 g/g enzyme concentration*
WITHIN FEED STOCK
ACHA
MILLET
TACCA
TIGERNUT Row mean
112.76±5.85a
96.54±11.29a
90.44±22.79a
73.81±4.70a
b
a
b
132.83±28.14
103.14±10.67
113.29±13.73
76.47±5.87a
b
a
c
138.15±32.90
107.77±12.32
133.40±41.16
78.27±6.11a
c
a
d
152.09±45.46
110.59±12.14
155.94±33.07
79.81±6.07a
c
a
d
156.98±49.48
111.87±12.43
160.43±31.89
79.79±6.06a

TIME
1.5
93.39±16.09
2.0
106.43±23.47
2.5
114.40±27.53
3.0
124.61±36.24
3.5
127.27±38.61
Column
mean
138.56±17.47 105.98±6.25
130.70±29.38
77.63±2.54
*Values are means ± SD; same superscript among COLUMNS indicate no significant (p>0.05)
difference.
WITHIN TIME
TIME
ACHA
MILLET
TACCA
TIGERNUT Row mean
1.5
112.76±5.85a
96.54±11.29b
90.44±22.79c
73.81±4.70d
93.39±16.09
a
b
c
d
2.0
132.83±28.14
103.14±10.67
113.29±13.73
76.47±5.87
106.43±23.47
2.5
138.15±32.90a 107.77±12.32b 133.40±41.16a 78.27±6.11c
114.40±27.53
3.0
152.09±45.46a 110.59±12.14b 155.94±33.07a 79.81±6.07c
124.61±36.24
3.5
156.98±49.48a 111.87±12.43b 160.43±31.89a 79.79±6.06c
127.27±38.61
Column
mean
138.56±17.47 105.98±6.25
130.70±29.38
77.63±2.54
*Values are means ± SD; same superscript among ROWS indicate no significant (p>0.05) difference.
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APPENDIX XI
Weight loss by specific gravity and pH values
Acha
Days
1

2

3

Specific gravity g/cm3
1.075

Weight (g)
1096.50

pH
4.8

1.065

1086.30

4.7

1.045

1065.90

4.6

1.043

1063.86

4.5

1.042

1062.84

4.4

1.042

1062.84

4.4

Weight (g)
369.25
368.55
367.85
366.45
365.75
365.75

pH
5.0
4.8
4.7
4.7
4.7
4.7

Fermentation time is between 60 – 72 h

Tacca
Days
1

Specific gravity g/cm3
1.055
1.053
2
1.051
1.047
3
1.045
1.045
Fermentation time is between 60 – 72 h
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Finger millet
Days
1

2

3

Specific gravity g/cm3
1.068

Weight (g)
918.48

pH
5.0

1.055

907.30

4.8

1.045

898.70

4.6

1.042

896.12

4.4

1.042

896.12

4.5

1.042

896.12

4.5

Specific gravity g/cm3
1.035

Weight (g)
890.10

pH
4.1

1.030

885.80

4.1

1.025

881.50

4.3

1.025

881.50

4.8

1.025

881.50

4.8

1.025

881.50

4.8

Fermentation time is between 48 – 60 h

Tigernut
Days
1

2

3

Fermentation time is between 36 – 48 h.
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APPENDIX XII
Table 7: Summary of results on the comparison of mean volume of gas production from
different*
Mean ± SD
ET-A
52.3442±24.2319a
ET-CD
63.7027±56.6760a
ET-SD
84.4447±58.6707b
ETP-A
15.0602±6.7644c
ETP-FG
16.0478±9.3421c
ETP-FG-GL
48.8876±19.5935a
*Values are means ± SD; same superscript indicate no significant (p>0.05) difference.
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APPENDIX XIII
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APPENDIX XIV
Gas Volume vs Time
1. ET-A
1: Variables Vol., Time;
2: Parameters p0,p1;
3: Function Vol. = p0 + p1*Time;
4: Plot;
5: Data;
Number of observations = 7
Maximum allowed number of iterations = 500
Convergence tolerance factor = 1.000000E-010
Stopped due to: Both parameter and relative function convergence.
Number of iterations performed = 5
Final sum of squared deviations = 1.5534939E+004
Final sum of deviations = 1.7053026E-013
Standard error of estimate = 55.7404
Average deviation = 32.1667
Maximum deviation for any observation = 90.468
Proportion of variance explained (R^2) = 0.6987 (69.87%)
Adjusted coefficient of multiple determination (Ra^2) = 0.6384 (63.84%)
Durbin-Watson test for autocorrelation = 2.324
Analysis completed 4-Mar-2012 11:21. Runtime = 0.02 seconds.

---- Descriptive Statistics for Variables ---Variable

Minimum value Maximum value

Mean value

Standard dev.

------------------ -------------- -------------- -------------- -------------Vol.

222.2

500

336.5

92.69329

Time

7

45

27.42857

14.24614
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---- Calculated Parameter Values ---Parameter

Initial guess Final estimate Standard error

t

Prob(t)

------------------ ------------- ---------------- -------------- --------- ------p0

1

485.671656

48.61492

9.99

p1

1

-5.43854996

1.597339

-3.40

---- Analysis of Variance ---Source

DF Sum of Squares

Mean Square

F value Prob(F)

---------- ---- -------------- -------------- --------- ------Regression 1

36017.34

36017.34

Error

5

15534.94

3106.988

Total

6

51552.28

11.59

0.01915

0.00017
0.01915
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APPENDIX XV
Gas Volume vs Time
2. ET-CD
1: Variables Vol., Time;
2: Parameters p0,p1;
3: Function Vol. = p0 + p1*Time;
4: Plot;
5: Data;

Number of observations = 7
Maximum allowed number of iterations = 500
Convergence tolerance factor = 1.000000E-010
Stopped due to: Both parameter and relative function convergence.
Number of iterations performed = 7
Final sum of squared deviations = 3.8733877E+005
Final sum of deviations = 0.0000000E+000
Standard error of estimate = 278.33
Average deviation = 191.92
Maximum deviation for any observation = 437.133
Proportion of variance explained (R^2) = 0.5150 (51.50%)
Adjusted coefficient of multiple determination (Ra^2) = 0.4180 (41.80%)
Durbin-Watson test for autocorrelation = 1.585
Analysis completed 4-Mar-2012 11:25. Runtime = 0.00 seconds.

---- Descriptive Statistics for Variables ---Variable

Minimum value Maximum value

Mean value

Standard dev.

------------------ -------------- -------------- -------------- -------------Vol.

133

1222

409.4286

364.8351

Time

7

45

27.42857

14.24614
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---- Calculated Parameter Values ---Parameter

Initial guess Final estimate Standard error

t

Prob(t)

------------------ ------------- ---------------- -------------- --------- ------p0

1

913.513839

242.7506

3.76

0.01311

p1

1

-18.3781087

7.976048

-2.30

0.06941

---- Analysis of Variance ----

Source

DF Sum of Squares

Mean Square

F value Prob(F)

---------- ---- -------------- -------------- --------- ------Regression 1

411288.9

411288.9

Error

5

387338.8

77467.75

Total

6

798627.7

5.31

0.06941
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APPENDIX XVI
Gas Volume vs Time

3. ET-SD
1: Variables Vol., Time;
2: Parameters p0,p1;
3: Function Vol. = p0 + p1*Time;
4: Plot;
5: Data;

Number of observations = 7
Maximum allowed number of iterations = 500
Convergence tolerance factor = 1.000000E-010
Stopped due to: Both parameter and relative function convergence.
Number of iterations performed = 6
Final sum of squared deviations = 1.3197960E+005
Final sum of deviations = -3.0300330E-006
Standard error of estimate = 162.468
Average deviation = 110.241
Maximum deviation for any observation = 235.412
Proportion of variance explained (R^2) = 0.8063 (80.63%)
Adjusted coefficient of multiple determination (Ra^2) = 0.7676 (76.76%)
Durbin-Watson test for autocorrelation = 1.276
Analysis completed 4-Mar-2012 11:28. Runtime = 0.00 seconds.

---- Descriptive Statistics for Variables ---Variable

Minimum value Maximum value

Mean value

Standard dev.

------------------ -------------- -------------- -------------- -------------Vol.

167

1189

542.8571

337.0052

Time

7

45

27.42857

14.24614
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---- Calculated Parameter Values ---Parameter

Initial guess Final estimate Standard error

t

Prob(t)

------------------ ------------- ---------------- -------------- --------- ------p0

1

1125.49226

141.6995

7.94

0.00051

p1

1

-21.2419052

4.655815

-4.56

0.00604

---- Analysis of Variance ---Source

DF Sum of Squares

Mean Square

F value Prob(F)

---------- ---- -------------- -------------- --------- ------Regression 1

549455.3

549455.3

Error

5

131979.6

26395.92

Total

6

681434.9

20.82

0.00604
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APPENDIX XVII
Gas Volume vs Time

4

ETP-A

1: Variables Vol., Time;
2: Parameters p0,p1;
3: Function Vol. = p0 + p1*Time;
4: Plot;
5: Data;

Number of observations = 7
Maximum allowed number of iterations = 500
Convergence tolerance factor = 1.000000E-010
Stopped due to: Both parameter and relative function convergence.
Number of iterations performed = 5
Final sum of squared deviations = 9.4210550E+003
Final sum of deviations = 4.1169200E-007
Standard error of estimate = 43.4075
Average deviation = 28.8419
Maximum deviation for any observation = 67.9281
Proportion of variance explained (R^2) = 0.0868 (8.68%)
Adjusted coefficient of multiple determination (Ra^2) = -0.0958 (-9.58%)
Durbin-Watson test for autocorrelation = 1.073
Analysis completed 4-Mar-2012 11:29. Runtime = 0.00 seconds.

---- Descriptive Statistics for Variables ---Variable

Minimum value Maximum value

Mean value

Standard dev.

------------------ -------------- -------------- -------------- -------------Vol

44

156

96.85714

41.46657

Time

7

45

27.42857

14.24614
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---- Calculated Parameter Values ---Parameter

Initial guess Final estimate Standard error

t

Prob(t)

------------------ ------------- ---------------- -------------- --------- ------p0

1

73.3317691

37.8586

1.94

0.11050

p1

1

0.857695917

1.243919

0.69

0.52119

---- Analysis of Variance ---Source

DF Sum of Squares

Mean Square

F value Prob(F)

---------- ---- -------------- -------------- --------- ------Regression 1

895.8021

Error

5

9421.055

Total

6

10316.86

895.8021
1884.211

0.48

0.52119
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APPENDIX XVIII
Gas Volume vs Time

ETP-FG

5

1: Variables Vol., Time;
2: Parameters p0,p1;
3: Function Vol. = p0 + p1*Time;
4: Plot;
5: Data;

Number of observations = 7
Maximum allowed number of iterations = 500
Convergence tolerance factor = 1.000000E-010
Stopped due to: Both parameter and relative function convergence.
Number of iterations performed = 5
Final sum of squared deviations = 1.2474255E+004
Final sum of deviations = 2.8421709E-014
Standard error of estimate = 49.9485
Average deviation = 35.3375
Maximum deviation for any observation = 65.6451
Proportion of variance explained (R^2) = 0.1263 (12.63%)
Adjusted coefficient of multiple determination (Ra^2) = -0.0485 (-4.85%)
Durbin-Watson test for autocorrelation = 1.580
Analysis completed 4-Mar-2012 11:34. Runtime = 0.00 seconds.

---- Descriptive Statistics for Variables ---Variable

Minimum value Maximum value

Mean value

Standard dev.

------------------ -------------- -------------- -------------- -------------Vol

22

178

103.1429

48.77987

Time

7

45

27.42857

14.24614
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---- Calculated Parameter Values ---Parameter

Initial guess Final estimate Standard error

t

Prob(t)

------------------ ------------- ---------------- -------------- --------- ------p0

1

69.771

43.56343

1.60

0.17015

p1

1

1.21668229

1.431362

0.85

0.43412

---- Analysis of Variance ----

Source

DF Sum of Squares

Mean Square

F value Prob(F)

---------- ---- -------------- -------------- --------- ------Regression 1

1802.602

1802.602

Error

5

12474.26

2494.851

Total

6

14276.86

0.72

0.43412
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APPENDIX XIX
Gas Volume vs Time

6

ETP-FG-GL

1: Variables Vol., Time;
2: Parameters p0,p1;
3: Function Vol. = p0 + p1*Time;
4: Plot;
5: Data;

Number of observations = 7
Maximum allowed number of iterations = 500
Convergence tolerance factor = 1.000000E-010
Stopped due to: Relative function convergence.
Number of iterations performed = 4
Final sum of squared deviations = 4.1485930E+004
Final sum of deviations = 1.5708045E-005
Standard error of estimate = 91.0889
Average deviation = 65.7979
Maximum deviation for any observation = 123.799
Proportion of variance explained (R^2) = 0.0143 (1.43%)
Adjusted coefficient of multiple determination (Ra^2) = -0.1829 (-18.29%)
Durbin-Watson test for autocorrelation = 1.611
Analysis completed 4-Mar-2012 11:36. Runtime = 0.02 seconds.

---- Descriptive Statistics for Variables ---Variable

Minimum value Maximum value

Mean value

Standard dev.

------------------ -------------- -------------- -------------- -------------Vol

178

411

314.1429

83.75247

Time

7

45

27.42857

14.24614
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---- Calculated Parameter Values ---Parameter

Initial guess Final estimate Standard error

t

Prob(t)

------------------ ------------- ---------------- -------------- --------- ------p0

1

333.411075

79.44475

4.20

0.00852

p1

1

-0.702487203

2.610314

-0.27

0.79859

---- Analysis of Variance ----

Source

DF Sum of Squares

Mean Square

F value Prob(F)

---------- ---- -------------- -------------- --------- ------Regression 1

600.9275

600.9275

Error

5

41485.93

8297.186

Total

6

42086.86

0.07

0.79859
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APPENDIX XX
DESITIES AND PERCENTAGES OF VARIOUS SOLUTIONS OF
AQUEOUS ETHYL ALCOHOL
Percent C2H5OH by
volume (25oc)
5

Density d25 4

Density d20 4

0.98817

Percent C2H5OH by
volume (20oc)
6.2

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
91
92
93
94
95
96
97
98
99
100

0.98043
0.97334
0.96639
0.95895
0.95067
0.94146
0.93148
0.92085
0.90985
0.89850
0.88699
0.87527
0.85340
0.85134
0.83911
0.82660
0.81362
0.81094
0.80823
0.80549
0.80272
0.79991
0.79706
0.79415
0.79117
0.78814
0.78506

12.4
18.5
24.5
30.4
36.2
41.8
47.3
52.7
57.8
62.8
67.7
72.4
76.9
81.3
85.5
89.5
93.3
94.0
94.7
95.4
96.1
96.8
97.5
98.1
98.8
94.4
100.0

0.98187
0.97514
0.96864
0.96168
0.95382
0.94484
0.93518
0.92472
0.91384
0.90258
0.89113
0.87948
0.86766
0.85564
0.84344
0.83095
0.83179
0.81529
0.81257
0.80983
0.80705
0.80424
0.80138
0.79846
0.79547
0.79243
0.78934

Source: Standard United States Bureau of Internal Revenue Table

0.98938

