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ABSTRACT

Starch was isolated from unripe plantain peels and  chemically modified through
phosphorylation and succinylation. The effects of such modifications on the
physicochemical, structural and morphological properties of the starch were
investigated. FTIR analysis was used to confirm the evidence of carboxylic groups
and phosphate groups on the starches. Morphological (SEM) analysis showed native
starch granules as highly elongated and irregular in shape. Succinylation gave rise to
compound starch granules while phosphorylation gave rise to swollen granules. The
physicochemical properties showed decrease in moisture content and ash content due
to the chemical modifications. Moisture content was 12.6% in the native starch, 8.0%
in the succinylated starch and 9.15% in the phosphorylated starch. The ash content
decreased from 0.47% in native starch to 0.16% in succinylated starch while there was
increase (16.59%) in the phosphorylated starch showing high phosphorus content.
Swelling power and solubility index increased with temperature  in the starches.
Succinylated starch had the highest swelling power while phosphorylated starch had
the highest values for solubility index. The adsorption studies showed that the
adsorption capacities of the adsorbents increased with increasing initial metal ion
concentration, adsorbent dosage, contact time, and temperature at pH 4.
Phosphorylated starch had the highest adsorption capacity of 5.9032mg/g with
correlation value of 0.9892 while the succinylated starch had the value of adsorption
capacity as 5.4025mg/g with correlation value of 0.9853. Adsorption isotherm studies
showed that the adsorption process fitted well into Langmuir isotherm model than
Freundlich’s model. The changes in enthalpy and entropy were positive showing that
adsorption process is endothermic and spontaneous. However, Gibbs free energy of
adsorption was positive showing a little difficult situation in the adsorption process
which can be overcome at high temperatures.

Keywords: Succinylation, Phosphorylation, FTIR, SEM, adsorption, Langmuir

isotherm, Freundlich isotherm.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND OF STUDY

Industrial wastewaters represent the main carriers of heavy metals and their discharge into

water bodies constitutes serious health issues and environmental pollution. Industries

associated with these heavy metals are the most hazardous among the chemical intensive

industries. Heavy metal ions are reported as the priority environmental pollutants due to their

mobility in natural water ecosystems and due to their toxicity (Volesky and Holan, 1995).

The heavy metals are persistent in water channels and this has been attributed to their non-

biodegradability and toxicity properties (Jern, 2006). They are highly soluble in the aquatic

environments, hence, can be absorbed by living organisms. Once they enter the food chain,

large concentrations of heavy metals may accumulate in the human body. If the metals are

ingested beyond the permitted concentration, they can cause serious health disorders (Babel

and Kurniawan, 2004).

Heavy metals are elements with an atomic density greater than 6 g/cm3; they are one of the

most persistent pollutants in wastewater. They are also regarded as trace elements and are the

metallic elements of the periodic table (Salem et al., 2000). The most common of these heavy

metals include lead (Pb), copper (Cu), chromium (Cr), nickel (Ni), cadmium (Cd), zinc (Zn),

mercury (Hg), and arsenic (Ar). Arsenic is a semi-metal but is classified in this category

because of its hazardous nature.

Industrial sources of these heavy metals include metal plating, storage batteries, alloy

industries, paints and other pigments, textile, fertilizers, tanneries, storage batteries

industries, wood processing and other chemical industries. Metal plating industries generate

heavy metals like cadmium, zinc, lead, chromium, nickel, copper, vanadium, platinum, silver
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and titanium through applications such as electroplating, electroless depositions, conversion

coating, anodizing- cleaning, milling and etching. Metals in textile industrial effluent are

produced during dyeing process, which usually contributes chromium, lead, zinc and copper

to wastewater. Petroleum refining generates conversion catalysts contaminated with nickel,

vanadium, and chromium; and photographic operations produces film with high

concentrations of silver and ferrocyanide (Sorme and Lagerkvist, 2002).

Various traditional and advanced technologies have been employed to remove heavy metal

ions from industrial wastewater. Barakat (2010) in a review opined that an ideal treatment

technique should be not only suitable, appropriate and applicable to the local conditions, but

also able to meet the maximum contaminant level (MCL) standards established. The

selection of the most suitable treatment techniques depends on the initial metal concentration,

the component of the wastewater, capital investment and operational cost, plant flexibility

and reliability and environmental impact, etc. (Kurniawan et al., 2006; Fenglian and Qi,

2011). Treatment methods applicable include solvent extraction, chemical precipitation,

photocatalysis, ion-exchange, membrane filtration, microbial remediation and

phytoremediation, electrochemical removal etc. Most of these methods have disadvantages

such as recontamination, incomplete removal, high energy requirements, production of toxic

sludge (Eccles, 1999) and high cost (Shi-Mei et al, 2005). Membrane filtration involves high

operational cost due to membrane fouling (Kurniawan et al., 2006). Photocatalysis takes time

and is limited in application (Barakat et al., 2004; Kajitvichyanukula et al., 2005). Ion

exchange method cannot handle concentrated metal solution as the matrix gets easily fouled

by organics and other solids in the wastewater. Moreover ion exchange is non-selective and

is highly sensitive to the pH of the solution.
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Recently, numerous approaches have been studied for the development of cheaper and more

effective technologies, both to decrease the amount of wastewater produced and to improve

the quality of the treated effluent. Adsorption onto solid adsorbents has been found to be

more promising than other alternative treatments because of its wide range of advantages.

Some of those advantages include low-cost, easy operating conditions, having wide pH

range, high metal-binding capacities (Babel and Kurniawan, 2003; Aklil et al. 2004; Barakat,

2010). The adsorbents may be of mineral, organic or biological origin, zeolites, industrial

by-products (fly ash, saw dust etc.), agricultural wastes, biomass, and polymeric materials

(Kurniawan et al., 2005). An ideal adsorbent should be cheap, renewable, non-toxic, and

readily available and most of all possess reasonable adsorptive capacity. Agricultural wastes

such as rice husk, maize cob or tassel coconut shells, orange peels, hazelnut shells, cow

dungs etc. are used for heavy metal adsorption after chemical modification or conversion by

heating into activated carbon. Synthetic resins which are mostly composed of petroleum-

based polymers have high chelating capacities. However, after the adsorption process, the

resins are discarded in landfills or treated by incineration causing land and air pollution.

Synthetic polymers are also non-biodegradable, non-renewable, and not totally void of

toxicity. Natural or biopolymers such as starch, chitin and chitosan, are attractive for

adsorption processes because they are capable of lowering transition metal ion concentrations

to sub-part per billion concentrations, readily available, and environmentally safe. Another

attractive feature of biopolymers is that they possess a number of different functional groups,

such as hydroxyls and amines, which increase the efficiency of metal ion uptake and the

maximum loading possibility.

Starch is a polysaccharide attractive for metal adsorption and diversified industrial

applications because of its renewability, biodegradability, and low unit cost.  The diverse
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industrial usage of starch is premised on its availability at low cost, high caloric value,

inherent excellent physicochemical properties and the ease of its modification to other

derivatives. However, starch by itself could not be suitably applied in chelating or adsorbing

heavy metal ions to replace the synthetic chelate resins, because it has naturally no chelating

or metal-interaction capacity. Interestingly, the presence of hydroxyl groups in starch makes

it possible for starch to undergo modifications physically or chemically either to impact

positive attributes or minimise its defect.  Several approaches have been made to utilize

starch as a metal scavenger, by introducing the substituents of chelating activity, such as

carboxylate, xanthate, acrylamide, and tertiary amine phosphate groups (Khali et al., 1996;

Khali and Frarag, 1998; Awokoya and Moronkola, 2012). Other substituents include mono

and diester phosphate groups, cationic ammonium groups, etc.

The heavy metal ions in industrial effluents are divalent cations and can be effectively

removed using anion containing substance.  Starch derivatives with succinate groups are

strong polyelectrolytes with increased hydrophilic character and increased charge densities.

Phosphorylated starches are strong anionic starches. The degrees of substitution of these

starch derivatives also influence their properties and their adsorption capacity.

Adsorption is usually described through isotherms, and examined using kinetic models. The

study of sorption kinetics in wastewater treatment is important since it provides valuable

insights into the reaction pathways and mechanism of adsorption process (Mineceva et al,

2008; Nwabanne, 2010).

1.2 PROBLEM STATEMENT

The contamination of water by toxic metals through the discharge of industrial effluents is

becoming a serious environmental problem in Nigeria. The presence of some multinational



5

industries in Nigeria has brought both relief and pain to their host communities because of

the serious contamination of both surface and ground water channels. These communities can

no longer have access to good water supply both for consumption and other purposes. The

National Environmental Standards Regulatory and Enforcement Agency (NESREA) were

created to ensure that these industries treat their effluents before discharging into the

environment.

Nigeria imports large quantities of ion exchange resins and activated carbons annually and at

high cost, for the treatment of these effluents before their disposal into the environment. Ion

exchange resins have cases of recontamination while activated carbons are needed in higher

amounts for effective treatment.

Starch derivatives are highly efficient for treatment of industrial effluents even at parts per

million concentrations. However, the increase in the industrial applications of starch has

become a problem for food consumption. About 54 % of the starches produced globally are

utilized for food applications with 46 % for non-food applications (Omojola, 2013).

The present sources of commercial starch are corn (maize), wheat, potato, cassava and rice.

Corn is the major source globally. The global share of corn starch accounts for more than 80

%, whereas cassava starch is only 7.5 % (Patil, 2012; Omojola, 2013). Nigeria is the highest

producer of cassava, with over 40 million MT/ annum, yet it contributes to less than 2% of

the global starch production (RMRDC, 2010). Hence, there is the need to exploit other

sources of starch for industrial purposes especially from non-food sources to alleviate the

competition with food consumption.

Unripe plantain peels are considered as agricultural and domestic waste and are rich source

of starch. Ashes and activated carbon from the peels have been reported to be good

adsorbents for heavy metals in wastewater treatment. No reports have been made on the
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extraction of starch from these peels and using the derivatives as adsorbents for treatment of

heavy metal contaminated wastewater.

1.2 OBJECTIVES OF STUDY

The main objective of this research is isolation, modification and characterization of unripe

Musa Paradisiaca (plantain) peels for adsorption of lead in aqueous media. The specific

objectives include:

 To modify the starch using succinylation and phosphorylation method.

 To study the effects of these modifications on the functional, structural and

morphological properties of starch.

 To study the influence of batch sorption parameters, such as initial metal

concentration, adsorbent dosage, pH, contact time and temperature on the adsorptive

capacities of the modified starches..

 To study the adsorption isotherm using two model equations- Langmuir and

Freundlich equations.

 To investigate the adsorption kinetics using the intra-particle diffusion model.

 To determine the thermodynamics parameters such as ΔH, ΔG, and ΔS.

1.4 JUSTIFICATION OF STUDY

With the rapid development of chemical –intensive industries in Nigeria and the world at

large, there is an exponential increase in the amount and variety of chemicals that are

discharged into water bodies. Heavy metal contaminated industrial effluents and municipal

wastewater are constantly discharged into ground and surface water, making them unsafe for

human, plants and animal use.
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Numerous physical, biological and chemical processes employed to treat wastewater have

proven ineffective due to the rapid increase in the varieties of the contaminants, and also the

disadvantages associated with them. As a result, more methods are being explored to salvage

the situation. Adsorption on solid adsorbents is recently effective and efficient.

Studies have shown that starch derivatives are good chelating agents for heavy metal

adsorption in wastewater. However, all attention have been pivoted on the chief main sources

mostly corn starch. More sources of starch need to be exploited to serve this purpose. This

work was undertaken to study the use of modified starches from unripe plantain peels as

good adsorbents. This will reduce the attention paid to the known sources of starch. It will

also lead to the reduction in the importation of ion exchange resins in the country.

In many Nigerian food markets, peels of unripe plantain are generated in large quantity from

the cutting and preparation of achicha (used in making plantain flour and chips) sold in the

market. Small scale industries and individual enterprises that produce plantain chips also

generate large quantities of these peels. In areas like the cities where ruminants are not seen,

these peels are dumped in large quantities as solid wastes and their disposal constitutes

menace to the society and adds to the worsening environmental pollution. Hence, the use of

the peels as source of starch and as adsorbents will reduce wastes in the environment.

1.5 SCOPE OF STUDY

This study is limited to the extraction of starch from unripe plantain peels, and modifying the

starch to get anionic starch derivatives which will be utilized as adsorbents to adsorb lead

from wastewater. The experimental study of adsorption will use aqueous solution of the

metal ion to serve as the heavy metal contaminated effluent.
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CHAPTER TWO

2.1 STARCH

Starch, also called amylum, is a polysaccharide of glucose. Starch is a natural, cheap,

available, renewable, and biodegradable polymer produced by many plants as a source of

stored energy. It is the second most abundant biomass material in nature. Starch is deposited

in granules in almost all green plants and in various types of plant tissues and organs, e.g.,

leaves, roots, shoots, fruits, grains, and stems (Preiss, 2004). Illumination of the leaf in bright

light causes the formation of starch granules in the chloroplast organelle. Disappearance of

the starch occurs either by exposure of the leaf to low light or by extended exposure in the

dark for about 24±48 hours (Preiss, 2004). This is readily observed by iodine staining of the

tissue (Robin et al., 1974) or by light or electron microscopy (Manners and Matheson, 1981).

Starch accumulates due to carbon fixation during photosynthesis and the starch formed in

the light is degraded in the dark to products that are in most cases utilized for sucrose

synthesis. In storage organs, fruits or seed, synthesis of starch occurs during the development

and maturation of the tissues (Preiss, 2004). Starch granules in storage tissues can vary in

shape, size and composition. The shape and size of the granules depends on the source, but in

each tissue, there is a range of sizes and shapes. The granule is well known to possess multi-

level structures from macro to molecular scales, i.e. starch granules (<1–100 µm), alternating

amorphous and semicrystalline shells (growth rings) (100–400 nm), crystalline and

amorphous lamellae (periodicity) (9–10 nm), and macromolecular chains (∼nm) (Buleon et

al 1998; Perez et al., 2009). It presents a concentric three-dimensional architecture from the

hilum with a total crystallinity varying from 15% to 45% depending on the botanical source

(Zobel, 1998).

LITERATURE REVIEW
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2.1.1. STARCH STRUCTURE AND COMPOSITION

Regardless of the botanical source, starch is basically a polymer of the six-carbon sugar D-

glucose, often referred to as the “building block” of starch. The structure of the

monosaccharide D-glucose can be depicted in either an open-chain or a ring form as shown

in Fig 2.1.

Fig.2.1. Open- chain and pyranose ring structures of the hexose sugar D-glucose. The ring
form is referred to as D-glucopyranose and can be in either α or β configuration. Starch
polymers contain only α linkages (Press, www.cerealchemistry.com).

Starch is composed of D-glucopyranose polymer linked together by α-1, 4 and α-1, 6

glycosidic bonds (covalent linkages) (Fig. 2.2). The bonds are formed when carbon number 1

(C1) reacts with carbon number 4 (C4) or carbon number 6 (C6) from an adjacent D-

glucopyranose molecule. The aldehyde group on one end of starch is always free; hence,

starch has one reducing end. The other end is the non-reducing end which could be very large

in number depending on the number of polymeric branches present in a starch molecule. The
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hydroxyl (-OH) group on the carbon number one (C1) determines the formation of an α

linkage which allows the formation of helical structures in starch polymers.

Fig. 2.2: α-1, 4 and α-1, 6 glycosidic bonds (Press, www.cerealchemistry.com).

Glucose polymerization in starch results in two polymers: the amorphous polymer amylose,

which is essentially linear, and the semi-crystalline polymer amylopectin, which is highly

branched. The structures of amylose and amylopectin are given in Figures 2.3 and 2.4

respectively.

Fig. 2.3. Structure of Amylose (www.food.info.net)
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Fig. 2.4. Structure of Amylopectin (www.namrata.co/storage-polysaccharides)

The structural differences between amylose and amylopectin contribute to significant

differences in starch properties and functionality. Amylose is mainly found as linear chains

of about 840 to 22,000 units of α –D-glucopyranosyl residues linked by α-1, 4 bonds. A

small number of α-1, 6-linked branches may be present (Cura et al., 1995). Amylose is the

minor component (25-30%, except high-amylose corn with 55-70 % amylose) of most starch

granules but has a great influence on starch properties. Amylopectin (≤ 75%) is found as

highly branched polysaccharide with an -1, 4 backbone and 4-5% α -1, 6 branch points

enabling structuring of the starch granule. Some characteristics of amylose and amylopectin

are given in Table 2.1.

Table 2.1: Properties of Amylose and Amylopectin (Cornell, 2004)

Property Amylose Amylopectin
Molecular Structure Essentially linear Highly branched
Linkage α- 1,4 (few α- 1,6) α- 1,4 and α- 1,6
Molecular Weight Typically ˂ 500,000 10-500 million
Stability with dilute
aqueous solutions

Unstable Stable

Film Formation Coherent Not readily formed
Gel Formation Firm, irreversible Soft, reversible
Colour with Iodine Blue Reddish- brown
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Amylose and Amylopectin exists as components of discrete, semi-crystalline aggregates

called starch granules whose size, shape and structure vary depending on the botanical

source of the starch. The shapes can be regular (spherical, ovoid, or angular) or irregular, the

diameters are in the range of ˂ 1 µm - ˃ 100µm. Starch granules from a particular source

may exhibit two or more discrete distributions of size and distinctly different shapes. In some

cases, the individual granules are bound together cohesively in well-arranged manner and are

called compound starch granules.

The minor constituents of starch granules present in small quantities include protein, lipids,

fibre, moisture and ash.  Moisture content of starch varies depending on the surrounding

conditions in which it is placed, while ash content, although variable is less than 0.5% based

on dry weight. Moisture content is usually quoted at ambient conditions i.e., 65% relative

humidity and 20oC. Ash incorporates the traces of mineral ions and inorganic salts. The

mineral ions include cations like potassium, sodium and magnesium; aluminium, calcium

and iron are also found in some cases. Anions like phosphorus are also present and contribute

to high level of ash in some starches like potato starch.  The ash content can vary depending

on the source of the raw material, agronomic practices, milling procedures, and types of

chemical modifications that may be done to the starch. The fibre is not embedded in the

starch granule structure but can only find its way into the starch when separation was

carelessly done during the milling process. Tuber and root starches contain less lipid and

protein compared with cereal starches. Lipids and proteins influence the flavour profile of

starch. Some starch sources are inherently “cleaner” with respect to their lipid and protein

contents, however, the levels of lipid and protein contents are directly related to the starch

isolation process. Hence, the amount of residual lipid and protein is a function of the efficacy

of the starch isolation process. The protein in starch granule of two types based on their
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ability to be extracted from the starch granule (Rayas-Duarte et al., 1995): surface starch

granule proteins and integral starch granule proteins. While the former can easily be

extracted with salt solution, the latter requires more thorough extraction e.g. with the

detergent sodium dodecyl sulphate or an alkaline solution. The integral proteins are

embedded and possibly covalently bound in the amylose-amylopectin structure of the

granule, while the surface proteins are more loosely associated with the exterior of the

granule.

2.1.2. SOURCES OF STARCH

All green plants produce starch as stored energy. Starch is widely distributed in the form of

tiny granules as the major reserve carbohydrate in stems, roots and tubers, grains and fruits of

green plants. Different sources have been and are still exploited for the commercial

production of starch. Examples of such sources are given below.

Cereal Crops: starch is got from the grains of cereal crops e.g. maize (corn), rice, barley,

rye, wheat, sorghum, millet, oat, acha grains, Tef (grown in Ethiopia and contain 60% of

starch), etc. The starch content of the grains on dry mass basis is given in Figure 2.5 below.

Fig. 2.5. Average starch content of cereal grains (% dry mass basis) (Lasztity, 1999)
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Roots and Tuber Crops: starchy roots and tuber crops include cassava (also called tapioca,

manioc or yucca), arrow root (Tacca species), sweet potato, Irish potato, yams (over 600

species), cocoyam, African yam bean (25%), taro, Elephant foot yam (20%), Peruvian carrot

(20%), water chestnut (7%) etc.

Tree Crops: The most important of starch bearing tree crops include sago palm, mango

(30%), jackfruit (30%), breadfruit (20%) and screw pine (20%). The starch is found either in

the stem, fruit or seed (Moorthy, 2004).

Legumes/pulses: Starches from legume crops are known for their high amylose content. A

large number of pulses contain starch to a good (20-30%) extent. However, they are never

obtained pure due to the presence of lipids and proteins accompanying the starch (Moorthy,

2004). Examples of starchy legumes include Chick pea (40-50%), cowpea (45%), Horse

gram (45%), Lima bean (55-60%) and velvet beans (51.5%).

Herbs/Shrubs: A number of herbs/shrubs produce starch in their grains, fruits or seeds and

have been limitedly exploited as starch source. Examples include Amaranthus species,

plantain, Okenia (tropical in North and South America, 35% starch) and Quinoa (tropical in

South America, 40-50% starch).

Minor Sources: These sources have not been exploited. They include Bamboo (rich source

of cellulose with culm containing 20% starch), Black pepper (king of spices, 40% starch),

and Buffalo Gourd (roots contain 15% starch).

The starch yield from a starch source differs from the starch content. The starch content

refers to the total energy stored in the grain, root, fruit, shrub etc. of the starch source. It is

expressed in percentage based on the dry matter weight. The starch yield incorporates the

starch that comes out as granule after milling process. It is calculated as the total weight of

the dry matter divided by the starch obtained after extraction/ isolation process, expressed as
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percentage or tonnes per hectare (t/ha) for annual yield.  E.g. sweet potato has 12-30% starch

content and starch yield of 8-30t/ha; sorghum has 65% starch content and 1-3t/ha starch

yield. Starch yield is affected by the isolation or milling process. The milling process could

be by wet-milling, dry-milling, solvent extraction, enzymatic processes etc.

Corn is the major source globally as it contributes to more than 80% of the world starch

production and the remaining 17% comes from other sources. In 2009, the world starch

production was 68 million MT and projected to be 72 million MT in 2015 (Xiaohui, 2007;

Omojola, 2013).

Fig. 2.6. World market for starch by raw materials, 2005 (Global Industry Analysts, Inc., 2008)

2.1.3 PLANTAIN

Plantain or cooking banana is a crop belonging to the genus Musa, of the family Musaceae

(banana family) and specie Musa Paradisiaca (syn. Musa Sapientum). Plantains and the

cultivated varieties are derived from ancestors which originated from the Malaysian

peninsula, New Guinea, South-East Asia and the Indian subcontinent, developing in modern

time’s secondary loci of genetic diversity in Africa, Latin America, and the Pacific. Plantains

are distinguished from the soft and sweet bananas (dessert bananas) by their fruit which,
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although morphologically very similar to bananas, are actually longer, firmer and possess a

higher starch content and thicker skin than their sweeter relative (www.plantvillage.org).

They cannot be eaten raw like dessert banana, but cooked or processed before eaten

(Wikipedia). However, like banana, the plant is tall and tree-like with a sturdy pseudostem

and large broad leaves arranged spirally at the top. The leaves are large blades with a

pronounced central midrib and obvious veins (www.plantvillage.org). They can reach up to

2.7 m (8.9 ft) in length and up to 0.6 m (2.0 ft) in width. Each pseudostem produces a group

of flowers from which the fruits develop in an hanging cluster (www.plantvillage.org).

Fig. 2.7. (A) Unripe plantain fruits. (B) Bunch of Unripe Plantain

Plantain is a staple crop rich in vitamins A, B and C as well as minerals such as calcium and

iron (Marriott and Lancaster, 1983; Robinson, 1996). It is an important dietary source of

carbohydrate in Nigeria and in the humid tropical zones of Africa, Asia and South America

(Robinson, 1996). It provides between 9% and 35% of the total calories in the diets of more

than 14 million people in Sub Sahara Africa (Robinson, 1996). The unripe plantain is a rich

source of starch; starch comprises over 80% of the dry weight of the pulp (Marriot et al.

1981).

A B
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Plantain is highly medicinal aside it being consumed as food. It is used widely for relieving

coughs, bronchitis, tuberculosis, sore throat, laryngitis, urinary infections, and digestive

problems (Hanrahan and Frey, 2005). A decoction of plantain has been used in douche

preparations to relieve leucorrhoea, and the juice or infusion can ease the pain of ulcers and

inflammation of the intestines (Hanrahan and Frey, 2005). Plantain has been celebrated in

Anglo-Saxon poetry as the “mother of herbs” (Hanrahan and Frey, 2005) because of its

diversified use in medicine. Economically, the leaves can be used as a source of fibre for

thread, cloth string, and also for thatch and roofing.

2.1.3.1 PRODUCTION OF PLANTAIN

Plantains are grown in hot and humid climates requiring high light and annual rainfall of

1000mm (39.4In). Optimal temperature is at 27oC and optimal soil depth is 30-60cm, with a

soil rich in organic matter, well-draining and well aerated. Plantain tolerates a wide range of

soil acidity; hence pH 5.5-7.5 is optimal. Planting is done either at the end of dry season or

the beginning of rainy season. Propagation is by vegetative reproduction, most often from

suckers (shoots that grow from a bud at the base of the plant) or from corms (underground

bulbs known as rhizomes). Growth rate of plantain is rapid until flowering and require the

frequent addition of nutrients as well as additional irrigation especially in dry season. After

the flower bud shoots, vertical growth of the pseudostem ceases and no additional leaves are

added. Plantain require about three months from the beginning of flowering until harvest

(Abiodun-Solanke and Falade, 2010). Multiple fruits are produced on a large bunch,

weighing between 50-200kg (Ogazi, 1996). Within the bunch are clusters of double rows of

fruit called “hands” and individual fruit called “fingers”. (Ogazi, 1996).
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Plantain is produced in more than 52 countries with world production of 33 million metric

tonnes annually (FAO, 2004). Nigeria is one of the largest producers of plantain in the world

(FAO, 2013). She was ranked first in Africa and fifth in the world producing 2, 722, 000

metric tonnes in 2011 (FAO, 2012). The higher production figures for plantains has been

attributed to the cheaper methods of growing that require few labour inputs, little soil

preparation and little weeding are needed once the plant has established vegetative cover

(FAO, 2004). As the production of plantain increases and the unripe fruit gains more

application to itself, more peels are generated as wastes and more environmental problems

are created.

Plantain fruits are perishable, and this is their major setback. They have an average market or

storage life of 1 to 10 days, at ambient temperature. About 35 to 60% post-harvest losses had

been reported and attributed to lack of storage and inappropriate technologies for food

processing (Kiin-Kabari etal., 2014), amounting to huge financial loss.

2.1.3.2 UNRIPE PLANTAIN AS SOURCE OF STARCH

Plantain in its unripe stage is a rich source of starch with high amylose content. The starch is

converted to sugar during the ripening stage. Unripe plantain in recent years has become one

of the exploited sources of starch with starch content of 35-40%. In its flour, unripe plantain

contains 88.6% of starch and is used in baby foods as a source of energy (Moorthy, 2004).

Plantain starch is widely used in the manufacture of pharmaceuticals; like corn starch,

plantain starch can be used as an inert ingredient to mix with drugs in order to form tablets

containing consistent measured doses of the drugs (Hanrahan and Frey, 2005). Zakpaa et al

(2010) isolated starch from the apantu cultivar in Ghana and studied their physico-chemical

properties. They opined that the starch obtained from the cultivar has excellent physico-
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chemical properties similar to starches from other plant sources. The quality of the starch was

good and had high potential for industrial use when compared to those obtained from other

sources. Similar report was made by Kiin-Kabari et al (2014) who studied the properties of

starch obtained from three cultivars (agbagba, cadaba and French horn) in Nigeria. The

starches isolated possessed good physico-chemical and pasting properties and showed

promising applications in food and pharmaceutical industries. Ayorinde et al (2013) reported

that modifications of starches from unripe plantain improve their phyisco-chemical and

compression properties. While modification by freeze drying gave the starch a better packing

with improved flow property, modification by microwave irradiation imparted improved

viscosity and volume reduction parameters. The improved properties are excellent for

pharmaceutical formulations.

2.1.3.3. UNRIPE PLANTAIN PEELS AS SOURCE OF STARCH AND OTHER

NUTRIENTS

Unripe plantain peels are waste materials left after the pulp is consumed. Food processing

and other applications that convert unripe plantain pulp into starch, noodles, chips, flour,

bread and other food ingredients etc. generates significant amount of peels that are discarded

as waste. The peel represents about 35-40% (i.e. 35-40g/100g) of the weight of the pulp (wet

basis) (Tchobanoglous, Theisen, & Vigil, 1993). Unripe Plantain peels possess high

nutritional value. They present (on a dry basis), 6-10% protein, 6-12% ash, 2-6% lipids, 11-

39% starch, and 33-43% total dietary fibre (TDF); from the TDF, around 5-13% is soluble

dietary fibre (SDF) and 7-36% is insoluble dietary fibre (IDF) (Happi-Emaga et al., 2007;

Happi-Emaga et al., 2008). Pectin and gums (xanthan, arabic, guar, etc.) are present in the

SDF, whereas cellulose, hemicelluloses, and lignin are included in the IDF. Cellulose, lignin,
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and hemicellulose contents varied from 7 to 12 g/100 g, 6.4 to 9.6 g/100 g and 6.4 to 8.4

g/100 g, respectively, whereas pectin contents, ranged from 13.0 to 21.7 g/100 g. From the

nutritional and health points of view, the type, level, and structure of the components in the

SDF and IDF, as well as the ratio of both fractions play and important role in the

physiological properties in the human body after consumption (Champ et al., 2003). Studies

have also shown that the peels are good sources of polyphenols, carotenoids, and other

bioactive compounds which possess various beneficial effects on human health (Larrauri,

1999). Ighodaro (2012) observed that the peels contain mineral elements like sodium,

calcium, magnesium, potassium and iron, all in high amounts. Others like nitrogen and

phosphorous were present in little amounts.  The high level of calcium (147.3g/100g)

according to Ighodaro (2012) suggests that the peels may be of great physiological

significance especially in part of the world were muscle weakness, increased nervous system

irritability and spontaneous action potential generation in neurons are relatively rampant. The

amount of iron was substantial and showed that the peels are important in areas of blood

formation and overall improvement of the haemopoetic system.  Phytochemicals like

flavonoids, tannins, phlobatannins, alkaloids, glycosides and terpenoids were also present

and according to the reports of Middleton and Kandaswami (1996), these phytochemicals

exert multiple biological and pharmacological effects (antibacterial, antihypertensive, anti-

diabetic and anti-inflammatory activities). Ighodaro (2012) also reported the presence of

heavy metals like zinc, copper, lead and manganese in very low amounts suggesting low

toxicity of the peels and low risk of accumulation of heavy metals in the body system when

the peels are consumed as food. Anhwange (2008) reported the presence of hydrogen

cyanide (an extremely poisonous substance) and oxalate in the plantain peels. The

concentrations were 1.33mg/g hydrogen cyanide and 0.51mg/g oxalate and these are within
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the safety limits, a good indication that plantain peels are safe and valuable for human and

animal consumption. Plantain peels are also rich in essential amino acids (leucine, valine,

phenylalanine and threonine) and polyunsaturated fatty acids particularly linoleic acid and α-

linolenic acid (Happi-Emaga et al, 2007).

At present, unripe plantain peels have found uses as feeds for goat, cattle, rabbit, poultry,

pigs, fish and several other species; and as good composting material. Zhang et al (2005)

reported that unripe plantain peels could be a good source of low cost dietary fibre used in

foods. Dietary fibre has beneficial effects in the prevention of several diseases, such as

cardiovascular diseases, diverticulosis, constipation, irritable colon, colon cancer, and

diabetes (Rodriguez et al., 2006). Ashes from the peels can also be used as alkali for soap

production. Recently, some attempts have been realized to utilize the peels in the adsorption

of heavy metals, biomass production, as an antioxidant source, and in cellulose nanofibres

(Annaduari, Juang, and Lee, 2004; Essien, Akpan, and Essien, 2005; Gomes-Rebello et al.,

2014; Pelissari, Amaral-Sobral, and Menegalli, 2014). Studies done by Eddy and Ebenso

(2008) showed that ethanol extract from green plantain peels can be used as inhibitor for

mild steel corrosion. Peels are also used in wastewater treatment plants (Memon et al., 2008).

Okareh and Adeolu (2015) reported the use of activated carbon from unripe plantain peels

for the removal of lead from effluents from battery recycling company.  Similar reports were

purportedly made by Umukoro et al (2014) in the use of plantain peels (both ripe and unripe)

charcoal for the uptake of copper and zinc ions from wastewater. Asiagwu (2013) also

studied the sorption kinetics of lead and cadmium ions through biomass surface of unripe

plantain peels.
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2.1.4 APPLICATIONS OF STARCH

No other single food ingredient compares with starch in terms of sheer versatility of

application in the food industry. Second only to cellulose in natural abundance, starch was

designed by nature as a plant energy reserve. Man, however, has extended the use of starch

far beyond this original design (Taggart, 2004). Man, has not only made food out of starch,

he has also created and continues to create more applications for starch. In the food and

beverage industries, starch plays significant roles as thickeners, emulsion stabilizers, film-

formers, softeners, texturizers, colourants and viscosity controllers. Food products where

starch plays these roles are baked goods, mayonnaise and salad dressings, dairy products,

beverage emulsions (soft drinks) and encapsulated flavours, gravies, soups and sauces, fruit

preparations etc. Starches are also found in wide range of confectionery products

contributing from soft through to hard gels, and from brittle through to chewy textures.

Starch is also active as the structure builder in coatings and even as the moulding medium to

support the shaping of confections. Starches also serve as process aids in confections.

Hydrolysed starches are used to produce sweeteners and as substrates for the manufacture of

fermentation products like citric acid, lysine or ethanol and glutamic acid. In processed

meats, starches are used as water binders to increase yields, reduce cooking losses, improve

texture, sliceability and succulence, and extend shelf life (Taggart, 2004).

Starches are also used in non-food industries. In the paper industry, starch is used as

flocculants and retention aids, as a bonding agent, as a surface size, as a binder for coatings

and as an adhesive (Akhilesh, 2010). In the textile industry, starches are used for warp sizing

of fabrics prior to weaving, for sizing or finishing woven cloths and in printing certain types

of fabrics.  They are used in large quantities in laundering, both in commercial establishment

and in homes (Akhilesh, 2010).  Starches are employed as raw materials with various
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applications in the plastics industry due to their renewability, availability, biodegradability

and low-cost. They can be used as filler to enhance the biodegradation of commodity

plastics. In its modified (esterified or etherified) form, starch plays a vital role in the

petroleum industry in such applications as fluid-loss reduction, mud-rheology modification,

shale stabilization, enhanced oil recovery (EOR), drag reduction and water shutoff. In the

pharmaceutical industry, starch modified with ethylene oxide (hydroxyethyl starch) is

employed as plasma volume expander for patients suffering from trauma, heavy blood loss

and cancer treatment. They are also used in the controlled/sustained release of drugs, tablet

formulations, manufacture of excipients and cosmetics formulations.  The applications of

starch cannot be over-emphasized and with the rapid growth of researches on production of

modified starches, more applications are garnered to starch.

2.2 STARCH MODIFICATION

Starch in its unmodified (native) form has limited applications owing to some of its

undesirable physicochemical and functional properties such as inherent weakness of

hydration, swelling and structural organization. Attempts have been made to modify starches

so as to remove the undesirable properties while retaining the desirable ones. Starch

modifications are a means of altering the structure and affecting the hydrogen bonding in a

controllable manner to enhance and extend their application. The alterations take place at the

molecular level, with little or no change taking place in the superficial appearance of the

granule (Taggart, 2004). Therefore, the botanical origin of the starch may still be identified

microscopically. Starch modification is possible due to the large number of hydroxyl groups

available in the starch molecule, giving rise to large number of derivatives. Modifications of

starch may be physical, chemical or enzymatic (biotechnological). Through
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modification/derivitization, specialty starches have been tailored to create competitive

advantage in a new product; enhance product aesthetics; simplify a label declaration; reduce

recipe/production costs; increase product throughput; eradicate batch rejects; ensure product

consistency and extend shelf-life (Taggart, 2004).

Physical modification is done to improve water solubility and change particle size. The

physical modifications include pre-gelatinization, and heat-treatment of starch, etc.

(Miyazaki et al., 2006). Pre-gelatinized starches are pre-cooked starches and the process

results in decreased hydrogen bonding. Pre-gelatinized starches are cold water dispersible

and are used as thickeners in cold water dispersible foods such as ice creams, infant foods,

dry baking premixes etc. The heat-treatment processes include heat–moisture and annealing

treatments. Annealing involves heating of starch in excess water at a temperature above Tg

and below gelatinization temperature. Heat-moisture and annealing cause a physical

modification of starch without any gelatinization, damage to granular integrity, or loss of

birefringence. Other physical modifications include radiation, sonication and pressure

treatment. Enzymatic modification of starch involves the hydrolysis of some part of starch

into low molecular weight derivative called maltodextrin, or dextrin using amylolytic

enzymes (Miyazaki et al., 2006). They are widely used for food and pharmaceutical

industries.

Chemical modification of starches is the mainstream of modified starches in the last century

(Abbas et al, 2010). Chemical modifications usually involve the addition of moieties on the

linear chains of the glucose units of the starch molecules, thus changing the molecular size

and viscosity characteristics of the starch. It can be achieved through acid treatment,

oxidation, esterification and etherification, and cross-linking of the available hydroxyl groups

on the α-D-glucopyranosyl units that make up the starch polymers. The response of starch
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to chemical treatments depends on its origin, type, and history. Chemical modification of

starch, by placing substituent groups along its polymeric backbone, decreases gelatinization

temperature, and increases translucency, viscosity, freeze-thaw stability, solubility, swelling

power, hardness, cohesiveness and adhesiveness of the starch gel (Betancur-Ancona et al.,

1997).

The chemical modification is mostly made directly on the granular starch; hence, the

granular structure influences greatly the substitution pattern of the starch components

(Steenken and Woortman, 1994). The chemical reagents penetrate with different efficiencies

through the surface or via channels in the granules into the interior (Gray and Bemiller, 2001;

Huber and Bemiller, 2001). It is worthy to note that the amorphous parts of the granules are

substituted more easily than the crystalline areas (Burgt et al., 1999), though granules from

different plants can be affected in various ways depending on their architecture, type of

crystallinity, amylose content, and the presence of minor components. Amylose tends to

become more strongly substituted than amylopectin, which experiences preferential

substitution at the branched regions (Hood and Mercier, 1978; Burgt et al., 1998; Kavitha

and Bemiller, 1998).

Starch functional properties are significantly improved depending on the level of

modification and the nature of the derivative. Starch modification by functionalization gives

rise to starches with differing ionic character: cationic starches, anionic starches, and

amphoteric starches. Cationic starches are those possessing positive charges. Cationic

derivative of starch can be made by the reaction of the primary OH group in an alkali treated

starch with N-(3-chloro-2-hydroxypropyl) trimethylammonium chloride, so that the cationic

site is attached via an ether link to the polymer chain (Bolton and Gregory, 2007).

Amphoteric starches possess both positive and negative charges. They are synthesized by
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treating starch with both cationic tertiary amino or quaternary ammonium and anionic

phosphate or carboxymethyl groups. Anionic starches possess negative charges and are made

by the reaction of the OH group with an acid anhydride, phosphoric acid and/or the alkali

metal phosphates. Succinylation and phosphorylation are derivitization methods used to

produce strong anionic starches.

2.2.1. SUCCINYLATION OF STARCH

Succinylation of starch is an esterification process achieved by using succinic anhydride

(dihydro-2, 5-furandione) or the alkenyl derivative (octenyl succinic anhydride) as the

esterifying reagent. It results in the introduction of succinyl groups onto the polymeric chain

of starch. The level of succinyl groups introduced is usually expressed as the average degree

of substitution (DS). The average degree of substitution is the moles of substituent per mole

of D- glucose repeat residue (anhydroglucose unit). The Maximum possible DS is 3.0 when

the three hydroxyl groups are substituted on each glucose unit along a starch chain.

Succinylation imparts a hydrophilic character to starch, and it is known to weaken the

internal bonding that holds the granules together (Tuschoff, 1987; Olayinka et al, 2011). The

degree of swelling and solubility is dependent on the starch species an on the type and extent

of modification. Succinylation improves starch properties such as decreasing gelatinization

temperature, increasing freeze-thaw stability, thickening power, viscosity stability, clarity,

ability to swell in cold water, and stability in acid and salt; and reducing the tendency to

retrograde (Trubiano, 1986, Bhandari and Singhal, 2002).  The structure of starch succinates

are given in Figure 2.8 below.
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(a)

(b)

Fig. 2.8: Reaction of starch with succinic anhydride to form (a) distarch succinate (b)
monostarch succinate (Cornell, 2004)

Succinic anhydride exhibits high reactivity with starch, and being bifunctional, has the

tendency of causing crosslinking, thereby effecting an increase in paste viscosity. Bao et al

(2003) and Shih and Daigle (2003) reported an increased paste viscosity, increased swelling

volume and reduced gelatinization temperature for rice starch modified with octenyl succinic

anhydride. The pasting viscosities of OSA modified starch were influenced by pH and salt

content, the lower the pH or the higher the sodium chloride content the lower the pasting

viscosity and increased pasting temperature (Shih and Daigle, 2003).

Betancur-Ancona et al. (2002) have studied the properties of jack bean (Canavalia

ensiformis) starch after succinylation to varying DS. They found that succinylation to DS

0.026 increased viscosity and solubility, resulting in pastes and gels with better thickening

capacity, clarity and stability at low temperatures and pH.

Olayinka et al (2011) investigated the effects of succinylation on the physicochemical,

thermal, rheological and retrogadation properties of red and white sorghum starches.  They

observed that succinylation enhanced the swelling power and viscosity of the starches due to
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increased hydrophilicity. Swelling power and solubility were observed to increase with

increasing temperature and succinylated starches exhibited higher swelling power than native

starches while there were no significant changes in the solubility. Succinylation also reduced

the values of the minor constituents like protein, fat, ash and moisture content.

Similar report by Bhandari and Singhal (2002) showed that the swelling power of corn starch

increased over a temperature range after succinylation. The swelling power increased with

degree of substitution and was highest at DS 0.2. The swelling power of the native corn

starch was 2.1g/g at 45 oC and 11g/g at 95 oC, whereas the swelling power of corn starch

succinate was 2.14g/g at 45 oC and 17g/g at 95 oC. They considered that the increase in

swelling power with the DS could be due to easy hydration, an indication of the increasing

number of hydrophilic groups incorporated in the starch.

Corn starch modified with succinic anhydride produces a starch pastes that are relatively

clear, stable to viscosity changes, but gummy in texture, a property not desirable in food

applications (White and Tziotis, 2004).  The gummy texture can be avoided by reacting

succinic anhydride with lightly cross-linked granular starch so that the resulting texture of the

cook is short, smooth, and shiny, with retention of the stability and much of the original

clarity. Cross-linking also improves the resistance of the derivative to breakdown at high

temperatures.

Starch succinates are used in the food industry as binders and thickening agents in soups,

snacks, canned, and refrigerated food products. Their properties also are desirable in

pharmaceuticals, where they are used as tablet disintegrants (Trubiano, 1986).  Starch alkenyl

succinates are used in non-alcoholic beverages for the stabilization of flavours. High

viscosity octenyl succinate starches are used as stabilizers in high viscosity high oil systems,

such as salad dressings.
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2.2.2 PHOSPHORYLATION OF STARCH

Phosphorylated starch is produced through the esterification of the hydroxyl groups in starch

with a phosphorylating agent.  Examples of phosphorylating agents include alkali

trimetaphosphates e.g. sodium trimetaphosphate (STMP), alkali tripolyphosphate e.g. sodium

tripolyphosphate (STPP), alkali pyrophosphates, phosphorus oxychloride and sodium

orthophosphates. Starch phosphates are of two types: monostarch phosphates and distarch

phosphates (cross-linked starches). A typical reaction of starch with STMP is shown in

Figure 2.9.

Fig. 2.9. Reaction of starch with STMP showing the formation of a monostarch phosphate and
distarch phosphate (Cornell, 2004)

Monostarch phosphates are produced with a higher level of phosphate substitution on starch

than are diesters because even very few cross-links can drastically alter paste and gel

properties of starch (Lim and Seib, 1993). Formation of distarch phosphates is generally

considered the most important reaction used to prepare modified food starches.

The introduction of phosphate groups on amylose or outer branches of amylopectin prevents

linearity of molecular chains due to steric hindrances. Starch phosphates are more difficult to
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produce than other modifications; however, a good number of works have been done on the

modification, reporting good results in physicochemical properties. Starch phosphorylation

can reduce opacity and retrogradation and enhance the binding capacity in cold water, paste

clarity, swelling power, solubility, temperature, enthalpy and viscosity of starch pastes.

Starch phosphates are strongly anionic polymers, which yield higher viscosity, more clear

and stable dispersions with long cohesive texture and resistance to retrogradation (Rutenberg

and Solarek, 1984). The viscosities are reduced by the presence of salts. The gelatinization

temperature decreases with the increasing degree of substitution, and the monoester becomes

cold water swelling when DS is increased to 0.07. Starch phosphates also display good

resistance to breakdown in the presence of acids as well as good freeze-thaw stability

(Cornell, 2004). Phosphate crosslinked starches show resistance to high temperature, low pH,

high shear, and leads to increased stability of the swollen starch granule. The presence of a

phosphate group in starch increases the hydration capacity of starch pastes after

gelatinization and results in the correlation of the starch phosphate content to starch paste

peak viscosity, prevents crystallization and gel-forming capacity (Nutan, et al., 2005).

Lim and Seib (1993a) synthesized phosphorylated corn starches with 5% sodium

tripolyphosphate (STPP) and/or 2% sodium trimetaphosphate (STMP). All phosphorylation

reactions were done using 5% sodium sulfate and adjusting the initial reaction pH by adding

aqueous sodium hydroxide or hydrochloric acid to the pre-reaction slurries. Their studies

showed that the degree of phosphorylation decreased 40 to 50% with STPP as reaction pH

increased from 6 to 11, whereas it increased by 100% with STMP. Corn starch phosphate

with the most desirable pasting properties was obtained at an initial pH of 11 with STPP and

contained 0.16%P. The best product when pasted at 95 OC was obtained when corn starch

was treated with a mixture of 5% STPP and 2% STMP at the initial reaction pH of 9.5. Paste



31

clarity of the phosphorylated starches indicated that cross-linking accelerated rapidly above

pH 8 with STMP, but above pH 10 with STPP.

Diego et al (2014) studied the physicochemical properties of solanum lycoparcum starch

phosphorylated with 5-11% STPP acid. They observed that the starch phosphates had higher

degree of swelling and water absorption capacity and these increased with increasing

phosphorus content. The highest phosphorous content which is 0.397% was obtained with

7% STPP acid and 40mins stirring and had cold water binding capacity of 175.1%. The

morphological studies showed that the starch granules were swollen after phosphorylation

demonstrating apparent damage in the starch granule.

Mahmoud et al (2000) phosphorylated starch using the reaction of mono- and disodium

hydrogen orthophosphates under dry conditions in a vacuum oven (800 bar) set at 150-

180oC. Optimal conditions were determined to be 3hr reaction time, 160oC reaction

temperature and pH 6. The starch content and acidity of the phosphorylated starch increased

with the increase in the degree of substitution.

Starch phosphates are good emulsification agents because of the ionic properties; hence, they

are used as emulsion stabilizers for vegetable oil in water. They have found widespread use

in acidic products such as tomato soup and fruit pie fillings as thickening agents due to their

good freeze-thaw stability. Cold water swelling starch phosphate is dry mixed with sugar and

a flavouring agent, which is added to cold milk to form puddings with a smooth, soft, even

texture, and superior eating quality (Neukom, 1958). Some starch phosphates have been used

in breads to improve the baking quality (Solarek, 1986).
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2.3 INTRODUCTION TO INDUSTRIAL WASTEWATER

Basic Chemistry defined water as a colourless, tasteless and odourless liquid. Pure water is a

necessity for the survival of both human, plants and animals. About 75% of the human body

weight is made up of water. Hence, water is the basis for life (Yongabi, K.A., 2010). Three

main sources of water exist for human consumption and other applications. They include rain

water, ground water and surface water. Rainwater is in itself pure. Ground water, which is

those extracted from wells or boreholes, contains traces of metals and other elements some of

which are toxic. Surface water (rivers, seas, lakes, swamps) are the most polluted source of

water, through the disposal of garbage, human and industrial effluents and other forms of

wastes. Wastewaters are generated from two main sources namely: residential and non-

residential sources.

Industrial wastewater is classified under non-residential sources of wastewater.  It is mainly

industrial effluents produced from industrial activities. It is one of the major pollutants in the

pollution of water environment as huge amounts are frequently discharged into water courses

like rivers, lakes, streams etc., making them unsafe for all living things.  As more industries

are created, more wastewater is being generated while the capacity of water courses that

receives the discharge remains finite. Typical examples of these illegal discharges are shown

in Figure 2.10.

Physically, industrial wastewater like every other type of wastewater is characterized by the

colour, odour, high temperature and total solids. The colour varies from brown (for less than

6hr old effluents) to light-to-medium grey (for wastewater that have undergone some degree

of decomposition) and to dark grey or black (for wastewater that have undergone extensive

bacterial decomposition). The blackening of wastewater is due to the formation of sulphides,

i.e. reaction between hydrogen sulphide and some elements in the wastewater (Alturkmani,
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2015). Fresh wastewater does not have offensive odour except when it must have undergone

anaerobic decomposition. The total solids consist of the insoluble or suspended solids and the

soluble solids that are dissolved in the water. The temperature is always higher than that of

the water supply (Alturkmani, 2015). The chemical characteristics consist of organic

chemicals, inorganic chemicals and volatile organic carbon. The inorganic chemicals include

the nitrates, chlorides, inorganic phosphorous, gases and heavy metals.

Fig. 2.10: Discharge of untreated wastewater into water courses (www.googleimages.com)
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2.3.1 HEAVY METALS IN INDUSTRIAL WASTEWATER AND THEIR EFFECTS

Heavy metals are elements that exhibit metallic properties and mainly include transition

metals, some metalloids, lanthanides and actinides (Nwabanne, 2010) and have been

associated with contamination and potential toxicity or ecotoxicity. Many definitions have

been proposed for heavy metals based on density, atomic number or weight, chemical

properties or toxicity (Duffus, 2002; Nwabanne, 2010). Some of the definitions as listed by

Duffus (2002) and cited by Nwabanne (2010) are given below.

 Based on density (specific gravity)

(a) Metal having density greater than 4g/cm3. (b) Metal with a density above 3.5-5g/cm3. (c)

Element with a density exceeding 6g/cm3.

 Based on atomic weight (relative atomic mass)

(a) Metal of atomic weight greater than sodium that forms soap on reaction with fatty acids.

(b) Metallic element with high atomic weight, (e.g. mercury, chromium, cadmium, arsenic,

and lead) that can tend to accumulate in the food chain.

(c) Metals of high atomic mass, particularly those transition metals that are toxic and cannot

be processed by living organisms, such as lead, mercury, and cadmium.

 Based on atomic number

(a) In electron microscope, metal of high atomic number used to introduce electron density

into a biological specimen by staining, negative staining or shadowing.

(b) In plant nutrition, a metal of moderate to high atomic number e.g. Cu, Zn, Ni, Pb, present

in soils due to an outcrop or mine spoil, preventing growth except for a few tolerant species

and ecotypes. (c) Any metal with an atomic number beyond calcium.
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(d) Metal with atomic number between 21 (scandium) and 92 (uranium).

 Based on other chemical properties

(a) “Heavy metals” is the name of a range of very dense alloys used for radiation screening

or balancing purpose. Densities range from 14.5g/cm3 for 76%W, 20%Cu, 4%Ni, to

16.6g/cm3 for 90%W, 7%Ni, 3% Cu.

(b) Any of the metals that react readily with dithizone (C6H5N), e.g. zinc, copper, lead, etc.

 Based on toxicity

(a) Elements commonly used in industry and generically to animals and to aerobic and

anaerobic processes, but not everyone are dense or entirely metallic.

(b) Outdated generic term referring to lead, cadmium, mercury, and some other elements

which generally are relatively toxic in nature; recently, the term toxic elements are used. The

term also sometimes refers to compounds containing these elements.

Heavy metals are required by living organisms as essential body nutrients but at a

permissible concentration stipulated by health organizations. Beyond this permissible

concentration, the ingestion of these metals may bring about an increased risk of serious

health disorders. Maximum contaminant level (MCL) standards were established to inform

the concentration of heavy metals that may be present in the wastewater discharged into the

environment. Above this MCL, they become hazardous. The MCL standards for these metals

as given by USEPA and their health impacts are given in Table 2.2 below.
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Table 2.2. The MCL standards for the most hazardous metals from industrial wastewater
(Babel and Kurniawan, 2003)

S/N HEAVY
METAL

TOXICITIES MCL
(mg/L)

1 Arsenic Skin manifestations, Visceral cancers, vascular disease 0.05
2 Cadmium Kidney damage, renal disorder, human carcinogen 0.01
3 Chromium Headache, diarrhoea, nausea, vomiting, carcinogenic 0.05
4 Copper Liver damage, Wilson disease, insomnia 0.25
5 Nickel Dermatitis, nausea, chronic asthma, coughing, human

carcinogen
0.20

6 Zinc Depression, lethargy, neurological signs and increased
thirst

0.80

7 Lead Damage of the fetal brain, diseases of the kidneys,
circulatory system, and nervous system

0.006

8 Mercury Rheumatoid  arthritis, and diseases of the kidneys,
circulatory system, and nervous system

0.00003

2.3.2. SOURCES OF HEAVY METALS

Heavy metals enter the aquatic environment from various sources. First from nature itself.

Wet and dry fallouts of atmospheric particulate matters derived from natural sources such as

dust from weathering of rocks and soil; or from human activities which include the

combustion of fossil fuels and the processing of metals, can introduce large quantity of heavy

metals into water courses (Jayanta and Arup, 2015). Also, dead and decomposing vegetation

and animal matter contribute to a small percentage of the metal in the surrounding waters.

The major source of heavy metal pollution may be attributed to anthropogenic factors

(Jayanta and Arup, 2015). Heavy metals exist in aqueous waste streams of many industries

such as from electroplating operations, mining industrial activities, power generating

stations, and so on. Major sources of heavy metals are shown in Table 2.3.
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Table 2.3: Heavy metals and major industries (culled from FAO Corporate
Document Repository (2015); Barak, 2010; Alturkmani, 2015)
Heavy Metal Major Industries
Arsenic Wood processing industries (through chromated copper-

arsenate wood treatment processes), fertilizer industries,
petroleum refining, Electroplating and metal surface treatment
industries, paints and pharmaceutical industries, etc.

Cadmium Inorganic and organic chemicals industries, petroleum
refining, Electroplating and metal surface treatment
industries, aircraft plating and finishing, mining, plastics
industries, batteries, etc.

Chromium Inorganic pigment manufacturing industries, Pulp and paper
mills, power plants, leather and tanning industry, textile mills,
flat glass and cement industries, petroleum refining, steel
works, aircraft plating and finishing, photographic chemicals,
corrosion processes, etc.

Copper Electroplating and metal surface treatment industries, aircraft
plating and finishing, etc.

Lead Pulp and paper mills, chemical industries, fertilizer industries,
petroleum refining, Electroplating and metal surface treatment
industries, printed circuit board industries, mining industries,
paints and additives, etc.

Mercury Pulp and paper mills, chemical industries, fertilizer industries,
Electroplating and metal surface treatment industries,
pharmaceutical industries, pesticides, chlorine and alkali
production, mirror coatings, etc.

Nickel Pulp and paper mills, fertilizer industries, petroleum refining,
Electroplating and metal surface treatment industries, aircraft
plating and finishing, printed circuit board industries, etc.

Silver Electroplating and metal surface treatment industries,
photographic chemicals, inorganic chemicals, scientific
equipment manufacturing, batteries, etc.

Selenium Electronics industries, xerographic plates, glass and ceramics
industries,

Zinc Pulp and paper mills, chemical industries, fertilizer industries,
petroleum refining, Electroplating and metal surface treatment
industries,

Aliyu et al (2015) reported the heavy metal contamination of River Kaduna and Kakuri-

Makera drains of Kaduna Metropolis, Nigeria, through urban, agricultural, industrial and

other anthropogenic sources. The X-ray fluorescence was used as an analytical technique for

the detection of heavy metals in the samples collected. Their results showed the presence of
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lead (Pb), arsenic (As), iron (Fe), chromium (Cr), copper (Cu) and zinc (Zn), all in

concentrations higher than WHO (1997) acceptable limits. The analysis conducted by Odior

et al (2011) on brewery effluents of the Guiness Nigeria Plc., revealed that the values for the

temperature, pH, biological oxygen demand (BOD), chemical oxygen demand (COD), and

total suspended solids (TSS) were higher than the recommended values of Federal

Environmental Protection Agency (FEPA). This shows that the effluents are not properly

treated before being discharged into the river. The higher values of TSS depict dense

contamination by heavy metals.

All of the generators produce large quantity of wastewaters, residues, and sludges that can be

categorized as hazardous wastes requiring extensive waste treatment (Sorme and Lagerkvist,

2002). Heavy metals do not biodegrade when discharged into water courses. They tend to

bioaccumulate i.e. their concentration increases with time more than the concentration of the

environment. The risk and health issues associated with untreated heavy metal polluted

industrial wastewater cannot be over-emphasized.

The nature of heavy metals polluted wastewater effluents on humans may be toxic (acute,

chronic or sub-chronic), neurotoxic, carcinogenic, mutagenic or teratogenic (Duruibe et al.,

2007). Exposure to heavy metals either through inhalation as dust and fumes, or ingestion

through foods and drinks, cause adverse health impediments and in extreme cases death.

Such health issues as reduced growth and development, cancer, organ damage, autoimmunity

(in which a person’s immune system attacks its own cell), diseases of the excretory and

circulatory systems etc., have been associated with exposures to heavy metals. Higher doses

of heavy metals cause irreversible brain damage (Barakat, 2010).

Nevertheless, discharge of heavy metal contaminated wastewater into water bodies destroys

plant and aquatic lives. The presence of heavy metal pollutants serve as great threats to soil
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and plants growing on such soils; with the consumption of such plants by animals and

humans due to their entry into the food chain through biomagnification and bioaccumulation,

leading to severe detrimental effects (Saidi, 2010).

In aquatic ecosystems, heavy metals depress the number of living organisms (Oghenerobor et

al., 2014). As an example, the concentration and availability of lead (Pb) in water bodies, can

lead to decreased dissolved oxygen, which may make young aquatic organisms, such as

young fishes vulnerable to lead than the adult fish. The presence of lead may also cause

blackening of the tail region and spiral deformity to young fishes (Peplow, 1999; European

Commission DG ENV, 2002).

In soil ecosystems, heavy metals retard plant growth. Some of the effects on plants include

decreased seed germination and lipid content, decreased enzyme activity and plant growth,

inhibition of photosynthesis, reduction of seed germination, reduction of chlorophyll

production and plant growth; which may be caused by cadmium, chromium, copper or

mercury, nickel and lead, respectively (Gardea-Torresdey et al., 2005).

Heavy metal ingestion by animals and humans in higher concentrations can cause mutations,

neurological disorders, carcinogenic diseases, gastrointestinal disorders, congenital

malformations, depressions, stomatitis, anaemia, organ failures etc.  The cumulative

toxicities of heavy metals calls for the pre-treatment or detoxification of industrial effluents

before being discharged into the aqueous environment in order to meet the regulatory

requirement (Jayanta and Arup, 2015).

2.3.3. LEAD AND ITS EFFECT

Lead (Pb) is a transition metal which exists in three oxidation states; Pb (0), Pb (II) and Pb

(IV). In the environment, it is commonly found when two or more elements combine to form
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lead compounds and it exists as Pb (II). It occurs naturally in earth’s crust but the high level

found in the environment comes from human activities. Some of the industrial activities that

generate large quantity of lead which are disposed into the environment are given in table

2.3. Accumulation of lead in the human body may lead to a decrease in haemoglobin

production, reproductive and cardiovascular systems disorders and long-term injury to the

central and peripheral nervous systems (Nolan, 2003; Galadima, et al., 2010); high blood

pressure, abortion, improper function in the brain and kidney as well as behavioural

disruption and mental retardation in young children (Jayanta and Arup, 2015). Lead is

considered the number health threat to children, whose effects can last a lifetime

(Oghenerobor et al., 2014). It can enter a foetus through the mother’s placenta and cause

damage to the brain and the central nervous system of the unborn child (Volesky, 1990). It is

has been linked to crime and anti-social behaviour in children (Salem, 2000).

The Federal Environmental Protection Agency Act of 1991 section 40 Regulation 3 stated

that the limit of lead (II) ions in industrial effluents before discharge should be less than

1mg/l and at a temperature 0f 40oC.

2.4 ADSORPTION

Adsorption is a process that occurs when a gas or liquid solute accumulates on the surface of

a solid or liquid, forming a film of molecules or atoms (Sincero and Sincero, 2004; Metcalf

and Eddy, 2003; Ruthven, 1984). It could be defined as a process where free moving

molecules of a gaseous or solutes of a solution come close and attach themselves onto the

surface of the solid. The attachment or adsorption bonds can be strong or weak, depending

on the nature of forces between solid surface and gas or dissolved solutes (wikipedia). The

substance attached to the surface is called adsorbate, and the substance to which it is attached

is known as the absorbent (Bansal and Goyal, 2005). Adsorption is different from absorption,
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in which a substance diffuses into a liquid or solid to form a solution. Adsorption is a surface

phenomenon while absorption is a bulk phenomenon (Tien, 1994). A surface represents the

outer or the topmost boundary of a solid or liquid object, where the bulk properties are no

longer sufficient to describe the system‘s properties. It is the boundary between the

‚inner‘and ‚outer‘world of a given phase.

Fig. 2.11: Mechanism of Adsorption (Klaus Christmann, 2012)

Adsorption is mainly of two types namely: Physical adsorption (physiosorption) and

chemical adsorption (chemisorption). Physiosorption does not involve any exchange of

electrons; rather, intermolecular attractions between favourable energy sites take place and

are therefore independent of the electronic properties of the molecules involved (Nwabanne,

2010). The interactions are fully reversible enabling desorption to occur at the same

temperature. The adsorbate is bound to the surface by relatively weak Van der Waals forces

identical with molecular forces of cohesion that are involved in the condensation of vapours

into liquids (Bansal and Goyal, 2005). Hence, physical adsorption can also be called Van der

Waals adsorption. Physisorption is non-specific and can occur at any condition. The

adsorption process is reversible; either by increasing the temperature or reducing the pressure

of the gas or concentration of the solute. Also, it does not require any activation energy so

that the rate of adsorption is very high, even at low temperatures. Chemisorption involves
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chemical-like bonding onto the surface of adsorbents. There is an exchange of electrons

between specific surface area sites and the solute molecules, hence, chemisorbed molecules

are said to be site specific. Chemisorption is an irreversible process (Jayanta and Arup,

2015).

Chemical adsorption generally produces adsorption of a layer of adsorbate (monolayer

adsorption) while physical adsorption can produce adsorption of more than one layer

adsorbate (multilayer adsorption). However, it is possible that chemical adsorption can be

followed by physical adsorption on subsequent layers. In adsorption from solution, physical

adsorption is far more common than chemisorption. However, chemisorption is sometimes

possible.

Adsorption is affected by several factors which include temperature, nature of solute, nature

of solvent, physical and chemical characteristics of the adsorbent, residence time, surface

area of the adsorbent and pH of the solution (Nwabanne, 2010). At high temperatures (for

exothermic process), adsorption is low because adsorbed molecules have greater vibrational

energies and are therefore more likely to desorb from the surface (Nwabanne, 2010).

However, for endothermic process, high temperature might favour adsorption. An increase in

the surface area of the adsorbent will increase the extent of adsorption. The adsorptive

capacity of adsorbents is determined by their porous nature, but is strongly influenced by

their chemical structure (Roque-Malherbe, 2007). The pH of the adsorbate solution and the

amount of time it is in contact with the adsorbent also plays vital role in adsorption.

2.4.1. ADSORPTION EQUILIBRUIM

When an adsorbate comes in contact with an adsorbent, the molecules of the adsorbate strike

the surface of the adsorbent. Some of the striking molecules stick to the adsorbent’s surface
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and become adsorbed while the others rebound. Initially, the rate of adsorption is large as the

whole surface is bare, but as more and more of the surface becomes covered by the

molecules of the adsorbate, the available bare surface decreases and so does the rate of

adsorption. However, the rate of desorption, which is the rate at which adsorbed molecules

rebound from the surface, increases because desorption takes place from the covered surface.

As time passes, the rate of adsorption continues to decrease while the rate of desorption

increases until an equilibrium is reached between the rate of adsorption and the rate of

desorption. At this stage, the adsorbent is in adsorption equilibrium with the adsorbate, and

the rate of adsorption is equal to the rate of desorption (Bansal and Goyal, 2005). For a given

adsorbate-adsorbent system, the equilibrium amount adsorbed is a function of pressure (in

the cases of gases) or concentration (in cases of solute) and temperature. The analysis of

adsorption equilibrium data by fitting them into different adsorption isotherm models is an

important step to find the suitable model that can be used for the purpose of design (El-

Guendi, 1991).

2.4.2 ADSORPTION ISOTHERM

Adsorption is usually described through isotherms, that is, the amount of adsorbate on the

adsorbent as a function of its pressure (if gas) or concentration (if liquid) at constant

temperature (Metcalf and Eddy, 2003; Nwabanne, 2010). Adsorption isotherms or known as

equilibrium data, are fundamental requirements for the design of adsorption systems

(Zawani, et al, 2009). Adsorption isotherms are developed by exposing a given amount of

adsorbate in a fixed volume of liquid to varying amounts of adsorbent. If the temperature is

kept constant then for a given adsorbent-adsorbate system, the degree of adsorption or the

equilibrium adsorbed amount depends on the equilibrium pressure or concentration. The
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relationship between the equilibrium adsorbed amount and the pressure or concentration is

the adsorption isotherm. The adsorption isotherm is one of the most characteristic quantities

for an adsorption process. Isotherms are also beneficial to describe the potential adsorbents

capacity (uptake of material), adsorption mechanisms, and surface properties. The adsorption

isotherm curve is used to investigate the mobility of pollutant (sorbate) from an aqueous-

phase into solid-phase at constant temperature using physiochemical parameters (Foo and

Hameed, 2010). Adsorption capacity of adsorbents depends on the surface area, pore

structure and surface groups, polarity, solubility and molecule size of adsorbates; solution pH

and the presence of other ions in solution and so on (Radovic, et al., 2001).

Several models have been proposed for the description of adsorption processes. However, the

isotherms of Freundlich and Langmuir have been widely used by several researchers

(Nwabanne and Igbokwe, 2008; Kumar et al., 2008). Freundlich and Langmuir isotherms are

of course used in adsorption to understand the extent and degree of favourability of

adsorption (Ding, 2008).

2.4.3. KINETICS OF ADSORPTION

Adsorption is a mass transfer process by which a substance is transferred from the liquid

phase to the surface of a solid, and becomes bound by physical and/ or chemical interactions

(Kurniawan and Babel, 2003). Generally, there are three main steps involved in adsorbate

sorption onto solid sorbent (Barakat, 2010):

(i) the transport of the pollutant from the bulk solution to the sorbent surface;

(ii) adsorption on the particle surface; and

(iii) transport within the sorbent particle.
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In order to examine the mechanism of adsorption process such as mass transfer and chemical

reaction, a suitable kinetic model is needed to analyse the rate data (Ozacar, 2003;

Nwabanne, 2010). Kinetic performance of a given adsorbent is of great significance for the

pilot application (Qui et al, 2009). Adsorption kinetics describes the solute uptake rate and

mass transfer resistance at the solid-solution interface. The solute uptake rate determines the

residence time required for the completion of adsorption reaction. Several mathematical

models have been proposed and extensively applied in batch reactors to describe the

transport of adsorbates inside the adsorbent particles. These models can generally be

classified as adsorption reaction models and adsorption diffusion models. Both models are

applied to describe the kinetic process of adsorption; however, they are quite different in

nature (Qiu et al, 2009). Adsorption reaction models originate from chemical reaction

kinetics. Adsorption diffusion models are constructed based on three consecutive steps

(Lazaridis and Asouhidou, 2003; Qiu et al 2009): (1) diffusion across the liquid film

surrounding the adsorbent particles, i.e., external diffusion or film diffusion; (2) diffusion in

the liquid contained in the pores and/or along the pore walls, which is so-called internal

diffusion or intra-particle diffusion; and (3) adsorption and desorption between the adsorbate

and active sites, i.e., mass action. Adsorption reaction models are based on the whole process

of adsorption and hence, do not consider these steps. Adsorption reaction models include the

first and second order kinetics, the pseudo-first and pseudo-second order kinetics; the

Elovich’s equation etc. Adsorption diffusion models include the intra-particle diffusion

model, liquid film diffusion model, double-exponential model etc. These kinetic models are

useful for the design and optimisation of effluent – treatment process (Sivakumar and

Palanisamy, 2009).
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A study of adsorption kinetics provides information about the mechanism of adsorption,

which is important for the efficiency of the process (Maximova and Koumanova, 2008).

Also, one can know the scale of an adsorption apparatus based on the kinetic information

(Qiu et al, 2009).

2.4.4 THERMODYNAMICS OF ADSORPTION

While the reaction rate can be determined from the knowledge of kinetic studies, the changes

in reaction that can be expected during the sorption process require the knowledge of

thermodynamic parameters. The three main thermodynamic parameters include enthalpy of

adsorption (ΔH), Gibbs free energy charge (ΔG) and entropy of adsorption (ΔS). Values of

thermodynamic parameters are the actual indicators for practical application of an adsorption

process.

2.5 REVIEW OF HEAVY METAL ADSORPTION FROM WASTEWATER

USING MODIFIED STARCHES

Awokoya and Moronkola (2012) investigated the use of succinylated corn starch as

adsorbent for the removal of Pb 2+ from aqueous media. The adsorbents were synthesized in

three different degrees of substitution (DS) of 0.19, 0.28, and 0.47. Batch adsorption studies

were carried out as a function of pH and initial Pb (II) ions concentration. The adsorption

results showed that the optimal pH was 6.0 and equilibrium time was 90minutes. The 1CP-

OES analysis revealed that the adsorptive capacity of the succinylated starches increased

with increasing initial Pb (II) ion concentration. The adsorptive capacity increased with

increasing degree of substitution of the SCS and the increase was recorded as 4.421mg/g for

SCS1, 5.812 mg/g for SCS2, and 6.910mg/g for SCS3. The adsorption followed Langmuir
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isotherm and the SCS also showed the advantage of good reusability and high desorption

efficiency.

Kweon et al (2001) studied the adsorption of divalent metal ions (Cu2+, Zn2+, Pb2+, and Cd2+)

by succinylated (DS 0.03-0.07) and oxidized corn starches (DS 0.13-0.29). Batch adsorption

studies were carried out using the aqueous salt solutions of the metals under various

conditions. The adsorption capacity of the ionic starches increased with increasing DS and

reached a state of equilibrium within 5-10minutes irrespective of the metal type. Their

investigation revealed that the succinylated starch was more effective in binding Pb2+

whereas the oxidized starch was more effective for Cu2+. The adsorption for both ionic

starches followed Langmuir adsorption isotherm. The adsorption capacity for both ionic

starches also increased with increasing metal ion concentration and with increase in pH while

adsorption decreased with increase in contact time.

Shi-Mei et al (2005) investigated the adsorption process of Pb (II) by cross linked amphoteric

starch with quaternary ammonium and carboxymethyl group. Batch adsorption studies

revealed that the adsorption capacity was dependent on the pH of the solution, adsorbent

dosage and the initial concentration of Pb (II) ions. The adsorption capacity increased with

increasing DS of the carboxymethyl groups. The adsorption process was endothermic and

followed Langmuir adsorption isotherm. The adsorptive capacity also increased with

increasing initial Pb (II) ion concentration as pH of the solution increases.

Starch-grafted polyacrylamide (SA) and cross-linked starch-grafted polyacrylamide (CSA)

was synthesized by Jun Tan et al (2014) via grafting polymerization from corn starch and

used as adsorbents for the removal of Cu (II) ion from aqueous solution. The equilibrium,

kinetics and thermodynamics of adsorption processes of SA and CSA were investigated and

compared. They found that the adsorption capacity of Cu (II) of SA and CSA could reach the
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maximum within 60 min when the pH was 6. The adsorption kinetics of CSA and SA for Cu

(II) were favourably described by the pseudo-second-order kinetic model and the adsorption

isotherm was described well with the Freundlich isotherm model. The thermodynamic

studies indicated that the adsorption was a spontaneous and endothermic process with

increased entropy, and that increase in temperature would benefit the adsorption. The

enthalpy change (ΔH), the entropy change (ΔS) and free energy change (ΔG) of the

adsorption process of Cu (II) on SA and CSA were calculated with adsorption isotherm data

and basic thermodynamic relations.

Yati et al (2010) studied the adsorption performance of an anionic starch microspheres

(ASMs) prepared from Neutral starch microspheres (NSMs). The NSMs was synthesized

from soluble starch by an inverse microemulsion technology with epichlorohydrin as a

crosslinker. Anionic starch microspheres (ASMs) were prepared from NSMs by the

secondary polymerization with chloroacetic acid as the anionic etherifying agent. The

anionic starch microspheres (ASMs) were used to adsorb methylene blue (MB) from aqueous

solution. Batch adsorption experiments were carried out to determine the effects of

adsorption time, initial concentration of MB, and temperature on the adsorption of MB onto

ASMs. The equilibrium and kinetics of the adsorption process were also investigated. It

shows that ASMs can effectively remove MB from the solution. The adsorption equilibrium

data correlated well with the Langmuir isotherm model compared with Freundlich isotherm

model and the maximum adsorption capacity was 666.67mg/g. The pseudo-first-order and

pseudo-second-order kinetic models were applied to test the experimental data. The pseudo-

second-order kinetic model provided a better correlation of the experimental data in

comparison with the pseudo-first-order model. Temperature variations did not significantly

affect the adsorption of MB onto ASMs.
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Li Huang et al (2011) prepared a novel effective corn starch-based adsorbent through two

common reactions, which included the esterification of starch with excess maleic anhydride

in the presence of pyridine and the cross-linking reaction of the obtained macromonomer

with acrylic acid by using potassium persulphate as initiator. The percentage of carboxylic

groups of the macromonomer ranged from 14% to 33.4%. It was found that the adsorption

capacities of the adsorbent for lead and mercury ions could be 123.2 and 131.2mg/g,

respectively. In addition, the adsorbent was able to remove 51–90% Pb (II) and Hg (II) ions

that existed in the decoctions of four medicinal herbals.

Kirn and Lim (1999) investigated the removal of divalent metals Cu (II), Pb (II), Cd (II) and

Hg (II) from water using modified corn starch. The corn starch was first cross linked with

phosphorus oxychloride (POCl3) and then carboxymethylated with sodium chloroacetate

with degree of substitution (DS) 0.02-0.08. The metal removal activity of the starch from

aqueous solutions of the divalent metal ions was examined through batch sorption studies.

Removal efficiency of the metal ions from their aqueous solutions was found to increase

proportionally with the DS of the carboxymethyl group and the starch content in the solution.

The effective removal was attributed to the ionization of the carboxymethyl groups in the

starch. When the starch pH was adjusted below 4.0 after carboxymethylation, the starch was

no longer an effective metal binder. The metal ions interacted with starch; 10 min after the

starch was added. Lead, cadmium, and mercury ions in water were almost completely

removed when 1% starch (DS 0.081, pH 6.0) was used. Under the same conditions, copper

concentration was reduced from 203 to 71 ppm. They also observed that the starch could be

recovered by washing the metal ions from the complex with weak acid (pH 2.0) but in this

case the metal-binding activity of the starch would be slightly reduced.
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Mudassir et al (2014) synthesized potato di-starch phosphate polymer by cross-linking potato

starch with phosphorus oxy-chloride in basic medium. The metal removal activity of the

cross linked starch was examined by dispersing 0.2-1% of the starch in aqueous solutions of

divalent heavy metal ions (Cu2+, Ni2+, Zn2+, and Pb2+). The removal efficiency of the starch

was found to increase with increase in the polymeric starch content and increase in the heavy

metal ion concentration. The removal order was found to be Pb2+ (78.1%) > Cu2+ (58.5%) >

Zn2+ (20.5%) > Ni2+ (17.3%) against the constant polymeric starch content.

Zou et al (2009) prepared cross-linked amphoteric starches (CAS) by a microwave radiation

method. The starches were cross-linked with quaternary ammonium cationic and

carboxymethyl anionic groups. Their adsorption behaviour for Cr (VI) was investigated. The

results showed that high degree of substitution (DS) of modified starch was favourable to the

synthesis by the microwave heating than by the drying reaction. Also, the microwave cross-

linked amphoteric starches had higher adsorption capacity which increased with increasing

DS. The adsorption capacity also increased with the increasing cationic groups and decreased

with increasing degree of substitution of anionic groups. The adsorption capacity was found

to follow the Langmuir isotherm.

From the review, it is obvious that much work has not been done on the use of modified

starches for the removal of heavy metal ions from aqueous solutions. It should be noticed

also that almost all the attention were focused on corn starch. Little or no report so far has

been made on the isolation of starch from unripe plantain peels, neither has there been any

report on the use of the starch derivatives for the adsorption of metal ions from wastewater.

Hence, this research, to a reasonable degree is a novel work.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 MATERIALS

 Unripe plantain peels were sourced from wastes generated at Ochanja market, Onitsha,

Anambra State.

 The chemicals used were purchased from Bridge Head market Onitsha, Anambra state

and they include:

i. Sodium Metabisulphite (Loba Chemie, India)

ii. Distilled water

iii. Methanol (JHD, m.p 98oC, b.p 64.5oC, d 0.79)

iv. Sodium carbonate (BDH Chemicals, England, 99.5%)

v. Ethanol (absolute) (JHD Gunsgdong Guandgua Chemicals, China, 99.5%)

vi. Acetone (JHD Gunsgdong Guandgua Chemicals, China, 99.5%)

vii. Sodium Hydroxide pellets (Loba Chemie, India)

viii. Succinic anhydride

ix. Sodium tripolyphosphate (STPP)

x. Orthophosphoric acid (85%)

xi. Lead (II) nitrate

xii. Hydrochloric acid

xiii. Phenolphthalein indicator (Pure Chem Products Ltd., Needham Mkt., Suffolk,

England)

All chemicals were of analytical grade and were used as received.
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3.2 EQUIPMENT

The apparatus used for the experimental methods include weighing balance, beakers, conical

flasks, muslin cloth, sieves, knives, muslin cloth, bowels and buckets, spatulas, pH meter,

muffle furnace, universal indicator paper, crucibles, heating mantle, desiccator, water bath,

oven, MODEL -PHENOM ProX SEM, AAS (UNICAM 929, London), pipette, burette,

graduated cylinders, petri dishes, Centrifuge, FTIR Spectroscope, thermometer, Mortar and

pestle.

3.3. METHODS

3.3.1. ISOLATION OF STARCH FROM UNRIPE PLANTAIN PEELS

About 14kg of unripe plantain peels were collected from wastes generated in the market,

chopped into pieces (about 0.5cm x 0.5cm) with a stainless kitchen knife, and washed

severally with tap water to remove sand and other foreign particles. The peels were further

rinsed twice with distilled water to remove any other glued impurity. The cut peels were

steeped for one hour in 1.5% (w/v) sodium metabisulphite solution (peels to solution ratio =

100g : 200ml) at a pH of 5.2 and temperature of 40±1oC. The steeping is done to reduce pulp

and release starch granules in the peels. The plantain peel-bisulphite solution was blended

using an industrial blender and allowed to stand for 30minutes at room temperature. The

mixture was then filtered twice using a three-layered muslin cloth in the first case and four

layered muslin cloth in the second case. The filtrate was allowed to stand overnight to enable

the settling of the starch. The supernatant was decanted and the sedimented starch was

centrifuged at 3000rpm for 15minutes. The mucilages were scrapped off and the starch

obtained was rinsed with distilled water severally. The rinsed starch was collected on Petri-

dishes and sun dried for three days. It was further vacuum-dried in an oven at 50oC for one
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hour and pulverized to powder with an electric grinder. The process flow chart for the

extraction of the plantain peel starch is given in Figure 3.1.

Fig. 3.1: Process flow chart for plantain peel starch extraction

3.3.2 DETERMINATION OF STARCH YIELD

The yield of starch from the unripe plantain peels was calculated using the equation 3.1

below.

% ℎ = 21 × 1001 (3.1)
where W1 = weight of the raw material, W2 = weight of starch obtained.

3.3.3 SUCCINYLATION OF STARCH

Succinylated starch was prepared by reacting native starch with succinic anhydride according

to the methods of Trubiano (1986) and Awokoya and Moronkola (2012) with some

modifications. Starch (80g) was dispersed in a sodium carbonate solution (1g in 120ml of
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distilled water), mixed with 6.4g succinic anhydride at pH between 8 and 9. The mixture was

stirred at room temperature while maintaining the pH at the range (8-9) using 1M NaOH and

1M HCl. After three hours of stirring, the pH of the mixture was adjusted to 6 using 1M HCl.

The mixture was filtered with filter paper, washed with ethanol, rinsed with 50% ethanol and

oven dried at 50oC. The reaction equation is as shown below and the process flow chart is

given in Figure 3.2.

NaOH

pH8-9

Figure 3.2: Process flow chart for starch succinylation

3.3.4. PHOSPHORYLATION OF STARCH

Orthophosphorylated starch was synthesized according to the methods of Paschal (1964) as

cited by Lars et al (2010) with modifications. The phosphorylating reagent was first prepared

by dissolving 24g of STPP in 48ml of water. 9ml of orthophosphoric acid and few drops of

1g of Na2CO3 +
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stir at room
temperature at pH 8-9

rinse with 50%
ethanol, oven dry at

50oC

54

distilled water), mixed with 6.4g succinic anhydride at pH between 8 and 9. The mixture was

stirred at room temperature while maintaining the pH at the range (8-9) using 1M NaOH and

1M HCl. After three hours of stirring, the pH of the mixture was adjusted to 6 using 1M HCl.

The mixture was filtered with filter paper, washed with ethanol, rinsed with 50% ethanol and

oven dried at 50oC. The reaction equation is as shown below and the process flow chart is

given in Figure 3.2.

NaOH

pH8-9

Figure 3.2: Process flow chart for starch succinylation

3.3.4. PHOSPHORYLATION OF STARCH

Orthophosphorylated starch was synthesized according to the methods of Paschal (1964) as

cited by Lars et al (2010) with modifications. The phosphorylating reagent was first prepared

by dissolving 24g of STPP in 48ml of water. 9ml of orthophosphoric acid and few drops of

1g of Na2CO3 +
120ml Distilled H2O

80g of starch dispersed
in the salt solution

starch slurry + 6.4g
succinic anhydride +

stir at room
temperature at pH 8-9

After 3hrs, adjust pH
to 6, filter + wash

with ethanol

rinse with 50%
ethanol, oven dry at

50oC

54
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1M HCl was added to bring up the pH in the range of 4-5. The salt was added in small

amounts while the solution is stirred. The reagent mixture was continuously stirred at 35oC

until a clear solution is formed as cloudiness of the solution indicates incomplete dissolution.

In their patent, Wuzburg et al (1979) opined that alkali metal tripolyphosphates are the

preferred phosphate salts for phosphorylation reactions since they require a lower heat input

for satisfactory phosphorylation. STPP form dilute solutions and must be used in large

amounts in the impregnation step to effect phosphorylation (Wuzburg et al, 1979), since they

have 13% solubility in water at 25oC (John Von Wazer, 1958; Wuzburg et al, 1979).

30g of starch was dispersed in the reagent and was stirred for 1hr at 35oC. The formed slurry

was filtered and the filter cake was dried at 50oC for 24hrs. After homogenizing with a

kitchen blender, the starch mono ester was dried again at 65oC for 90mins. To effect

phosphorylation, the dried mixture was heat-reacted in an oven for 3hrs at 130oC and then

cooled to room temperature. The mixture was suspended in 50% methanol and stirred for

30mins to remove unreacted orthophosphates and degradation products of starch. The

mixture was filtered and dehydrated with absolute ethanol. The resulting paste was

suspended in distilled water and precipitated with acetone. It was re-suspended in ethanol,

filtered, oven-dried at 60oC and then pulverized. The reaction equation is as given below and

the process flow chart is as shown in figure 3.3.

     pH 4-5
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Figure 3.3: Process flow chart for starch phosphorylation

3.3.5. DETERMINATION OF DEGREE OF SUCCINYLATION

The degree of succinylation of the modified starch was determined using the titrimetric

method described by Wurzburg (1964). 0.5 g of the starch sample was taken in a 250mL

conical flask and dispersed in 5 mL distilled water. The sample was mixed thoroughly and 20

mL of 0.5M sodium hydroxide solution was added. The flask was covered tight with a thick

PE film and was kept for 72 h with occasional swirling of the flask. The excess alkali was

back titrated with 0.5M hydrochloric acid using three drops of 0.5 wt% phenolphthalein

indicator. A blank was simultaneously titrated with native starch as a sample. The percentage

of succinyl group, and the degree of substitution were calculated using equations 3.2, and 3.3

respectively.
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% = ( )× × 100 (3.2)

= ×%, ( ×% ) (3.3)

where,

162 = molecular weight of anhydroglucose unit;

10,000 = 100 x molecular weight of succinyl group;

99 = molecular weight of succinyl group – 1 (i.e. 100-1 =99)

3.3.6 PHYSICOCHEMICAL ANALYSIS OF PLANTAIN PEEL STARCH

The following proximate analyses were carried out on the plantain peel starches (native and

modified):

 pH

 Moisture content

 Ash content

 Water and fat binding capacity

 Bulk density

 Tapped density

 True density

 Dispersibility

 Swelling and solubility index at different temperatures

3.3.6.1 DETERMINATION OF pH

The pH was determined using the method of Zakpaa et al. (2010) with little modification. 1g

of the starch sample was weighed and mixed with 20 ml of distilled water in a 50ml beaker.
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The mixture was stirred for 10mins and then filtered using a filter paper. The filtrate was

tested for acidity and alkalinity using a Jenway 3520 model pH meter and also H12210 pH

meter.

3.3.6.2 DETERMINATION OF MOISTURE CONTENT

Percentage moisture determines the water content of a material compound that volatilize

under the same physical conditions as water would, and a low level ensures good shelf life

(Zakpaa et al., 2010). The moisture content of the PPL starch was determined by gravimetric

method. 0.5g (Ws) of the starch sample was measured into a previously dried and weighed

(Wc) crucible and placed in an oven at 105oC for 3hours. It was then cooled in a desiccator

for 30minutes. Weight of crucible and dried starch was noted (Wcs) and moisture content was

calculated using difference in weight method and expressed as a percentage.

% = ( ) × (3.4)

3.3.6.3 DETERMINATION OF ASH CONTENT

Ash content indicates the presence of mineral elements in the starch and level of surface

contamination. Ash content was determined using AOAC (1990) standard. A weight (Ws) of

the PPL starch was measured into a weighed (Wc) crucible. The weight of the crucible and

PPL starch was noted (Wbcs). The samples were heated in a furnace pre-heated to 600oC for 5

hours. The crucible was allowed to cool in the furnace to less than 300oC and placed in a

desiccator with a vented top. The weight of starch and crucible were recorded (Wacs).The ash

content was calculated as shown below:

% ℎ = × (3.5)
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3.3.6.4 DETERMINATION OF WATER BINDING CAPACITY

Water binding capacity (WBC) is important in determining the quality and texture of some

food products because it stabilizes them against effects such as syneresis which sometimes

occur during retorting and freezing (Wooten and Bamnuaruchi, 1978; Zakpaa et al, 2010).

Water binding capacity of the starch samples was determined in duplicate according to the

method of Yamazaki (1953) as modified by Medcalf and Gilles (1965) and little modification

by the present study. In a 15ml centrifuge tube, 0.5g of starch sample was dissolved in 10ml

distilled water. The sample suspension was shaken for 10mins and then centrifuged at

2500rpm for 20mins. The free water was decanted from the wet starch, drained for 5min and

the wet starch weighed. The water binding capacity was then calculated as:

% = × (3.6)

3.3.6.5 DETERMINATION OF FAT BINDING CAPACITY (FBC)

Fat binding is an important property in food formulations because fats improve the flavour

and mouthfeel of foods (Kinsella, 1976). The procedure was the same as in WBC but water

is replaced with oil (vegetable oil, density 0.89g/ml). Fat binding capacity was calculated as

below:

% = × (3.7)

3.3.6.6 DETERMINATION OF BULK DENSITY

2.5 ± 0.01g of the starch sample was measured into 10ml graduated cylinder and dropped

three times on the laboratory table from a height of 2.5cm. The volume reading (Vb) was
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taken from the calibrations on the graduated cylinder and bulk density calculated as shown

below:. = ( )
(3.8)

where B.D is the bulk density, M is the mass of the plantain peel starch and Vb is the volume

reading.

3.3.6.7 DETERMINATION OF TAPPED DENSITY

The 10ml graduated cylinder with the starch was tapped on the laboratory table (200 times or

more) until there is no further diminution of the sample level i.e. until a constant volume is

observed.. = ( )
(3.9)

3.3.6.8 DETERMINATION OF TRUE (PARTICLE) DENSITY

Specific gravity method was used to determine the true density of the starch samples and

water was used as the displacement fluid. The pycnometer (specific gravity bottle- 50ml) was

washed and rinsed with distilled water and dried. The weight was noted (Wb). Distilled water

was poured into the pcynometer up to the brim. The water was transferred into a volumetric

cylinder and the volume of water (V) that filled the empty pycnometer was read from the

calibrations. The pycnometer was again cleaned and dried. Some quantity of starch sample

was poured into the pycnometer and the weight of bottle and starch was recorded (Wbs). The

bottle with starch were filled with distilled water (not to brim), stirred with glass rod and

allowed to stand for 10minutes.  More water was poured into the bottle up to the brim and

weight of bottle + starch+ water (Wbsw) noted. Calculations were made as shown below:
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Weight of starch sample Ws =  Wbs – Wb (3.10)

Weight of added water Ww =  Wbsw - Wbs (3.11)= (3.12)

Where ρw is the density of water (0.99567g/cm3)

Volume (Vs) of PPL starch is the difference between the volume of water that fills the

pycnometer and the volume of added water

Vs =  V – Vw (3.13)

Therefore True density of PPL starch is calculated as:= (3.14)

3.3.6.9 DETERMINATION OF STARCH DISPERSIBILITY

The dispersibility of starch samples was determined according to the method of Kulkarni et

al (1991). 1g of starch sample was measured into 10ml measuring cylinder and distilled

water was added up to the 10ml mark. The set up was stirred vigorously and allowed to stand

for 3 hours. The volume of the sediment was read from the cylinder subtracted from 10,

multiplied by 100 and expressed as percentage dispersibility.

3.3.6.10 DETERMINATION OF SOLUBILITY AND SWELLING POWER

Heating of starch in excess water, causes disruption of the crystalline structure due to the

breakage of hydrogen bonds, and water molecules become linked by hydrogen bonding to

the exposed hydroxyl group of amylose and amylopectin. This causes an increase in granule

swelling and solubility. Swelling power and solubility provide evidence of the magnitude of

interaction between starch chains within the amorphous and crystalline domains (Bao and
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Bergman, 2004). A good quality starch has low solubility and high swelling power, which is

indicative of high paste stability on cooking (Swinkels, 1985).

Swelling power and solubility index were determined using the method of Leach et al (1959)

with little modifications. In a weighed 15ml centrifuge tube, 0.2g of starch was added and

distilled was added to the 10ml mark. Starch suspension was stirred for 10mins and later

heated in a water bath for 30mins at temperatures 60 oC, 70 oC, 80 oC and 90 oC with constant

stirring to avoid fragmentation.  The tube was removed, wiped dry on the outside and cooled

to room temperature. Centrifugation was done at 2500rpm for 15mins. 5ml of supernatant

was transferred into a weighed crucible and dried from which the weight of the soluble was

obtained. The percentage swelling power and solubility were calculated as shown in

equations 3.15 and 3.16 respectively.

= ℎ ( )ℎ ℎ ( ) (3.15)
% = ℎℎ ℎ × 100 (3.16)

3.3.7 STRUCTURAL ANALYSIS (FTIR SPECTROSCOPY)

The FTIR spectra of the starch samples were recorded using an IR spectrometer (Perkin-

Elmer, Model 2000, USA). 5mg of each sample were dispersed in 200mg KBr. The scanning

range was 4000cm-1 to 400cm-1.
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3.3.8. SCANNING ELECTRON MICROSCOPY (SEM)

To determine the surface morphology of the starch samples, some quantity of samples were

placed on a double adhesive sticker placed in a sputter coater machine for 5sec to give the

samples a conductive property. Samples were imaged using 15kv at different magnifications

with MODEL -PHENOM ProX Scanning Electron Microscope.

3.4 ADSORPTION EXPERIMENTS

The adsorption of lead (II) ions on SCS and PPS was studied by batch technique using

aqueous solution of Pb (NO3)2 at varying conditions of pH, contact time, adsorbent dosage,

initial Pb (II) concentration, and temperature.

3.4.1 EFFECT OF pH

50ml of 40mg/l of Pb2+ solution was measured into Erlenmeyer flasks labelled pH 2, 4, 6, 8,

10 and 12 respectively. The pH of the solutions was adjusted using 0.1M NaOH or 0.1M

HCl. 200mg/l of adsorbent was added into the solution, covered to prevent the effect of air

which might alter the pH.  The flasks were shaken at 200rpm with an electric shaker for

60mins to attain equilibrium. The solution was filtered using Whatmann filter paper and the

final concentration of Pb2+ in the solution was determined using AAS. The experiment was

conducted at room temperature. All other experiments were performed at the optimum pH.

3.4.2 EFFECT OF CONTACT TIME

The same procedure as in 3.4.1 was used at room temperature and optimum pH above but at

varying contact times of 10mins, 30mins, 60mins, 90mins, and 120mins.
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3.4.3 EFFECT OF ADSORBENT DOSAGE

The same procedure as in 3.4.1 was used at room temperature and optimum pH but at

varying adsorbent dosages of 50mg/l, 100mg/l, 150mg/l, 200mg/l and 250mg/l.

3.4.4 EFFECT OF INITIAL Pb (II) IONS CONCENTRATION

The same procedure as in 3.4.1 was used at room temperature and optimum pH but at

varying initial Pb (II) ions concentration of 20mg/l, 40mg/l, 60mg/l, 80mg/l and 100mg/l.

3.4.5 EFFECT OF TEMPERATURE

The effect of temperature was studied at optimum pH, optimum contact time and optimum

adsorbent dosage using 50ml of 40mg/l of Pb2+ solution at temperatures of 35oC, 45 oC, 55

oC, 65 oC and 75 oC.

3.5 ADSORPTION CAPACITY

The adsorption capacity was calculated using the equation below.= ( )
(3.17)

where

Qe is the adsorption capacity of the adsorbents (mg/g);

Co is the initial concentration of the metal ions in the solution (mg/L)

Ce is the final concentration of the metal ions in the solution (mg/L)

V s the volume of the aqueous solution (L)

m is the weight of the adsorbent (g)

Percentage of ions removed is calculated as:% = ( ) × 100 (3.18)
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3.6. ADSORPTION ISOTHERM

The adsorption isotherm for the experiment was evaluated using Langmuir’s and Freundlich

isotherms.

3.6.1 LANGMUIR ISOTHERM

The isotherm developed by the American Scientist Irvin Langmuir is based on the following

assumptions:

 The adsorbed entities (atoms or molecules or ions) are attached to the surface at

definite localized sites.

 All the adsorption sites are identical (energetically), and each site accommodates one

adsorbate molecule only.

 There are no lateral interactions (i.e. interactions between neighbouring adsorbed

adsorbate molecules).

 At the maximum adsorption, only a monolayer is formed: molecule of adsorbate do

not deposit on other, already adsorbed molecules of adsorbate, only on the free surface

of the adsorbent.

The Langmuir’s model equation is given as:

= + (3.19)

The equation can also be written as= + (3.20)

where

Ce is the metal ion concentration at equilibrium (mg/L)

Qe is the adsorption capacity at equilibrium (mg/g)
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Qm is the maximum adsorption capacity (mg/g)

b is the Langmuir equilibrium constant related to the affinity of the binding sites (L/mg)

Ce / Qe is plotted against Ce to get slope 1/ Qm and intercept 1/bQm from which b and Qm are

calculated indicating that adsorption follows the Langmuir isotherm and conformation of the

experimental data into Langmuir isotherm indicates the homogenous nature of the adsorbent

surface. The essential characteristics of the Langmuir isotherm can be expressed in terms of a

dimensionless equilibrium parameter  (RL) (Hameed et al, 2006; Sekar et al, 2004,

Nwabanne, 2010), which is defined by:= (3.21)

Where, b is the Langmuir constant and Co is the adsorbate concentration (mg/L). The value

of RL indicates the type of the isotherm to be either unfavourable (RL >1), linear (RL =1),

favourable (0 < RL < 1) or irreversible (RL = 0).

3.6.2 FREUNDLICH ISOTHERM

Freundlich isotherm model is mostly used for a single solute system, based on the

distribution of solute between the solid phase and aqueous phase at equilibrium (Singh and

Srivastava, 1999). Adsorbents that follow the Freundlich isotherm equation are assumed to

have a heterogeneous surface consisting of sites with different adsorption potentials, and

each type of site is assumed to adsorb molecules, as in the Langmuir equation (Perry and

Green, 1999). The Freundlich adsorption isotherm represents the relationship between the

amount of metal adsorbed per unit mass of the adsorbent and the concentration of the metal

in solution at equilibrium.

The Freundlich adsorption equation is given as:ln = ln + ln (3.22)
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where KF and n are Freundlich constants, n giving an indication of how favourable the

adsorption process is and KF is the adsorption capacity of the adsorbent while 1/n shows the

intensity of adsorption. KF and n are determined from the linear plot of ln Qe versus ln Ce.

3.6.3 ADSORPTION KINETICS (INTRA-PARTICLE DIFFUSION MODEL)

The kinetics of the adsorption process was studied using the intra-particle diffusion model.

For a batch adsorption process (as used in this study), initial adsorption occurs on the surface

of the adsorbent. Also, there is a possibility of the adsorbate to diffuse into the interior pores

of the adsorbent (Sivakumar and Palanisamy, 2009). Weber and Morris (Oladoja and Asia,

2008) suggested a model to investigate whether the adsorption is intra-particle or not. The

model equation is expressed as:

= ⁄ + (3.23)

A plot of Qt vs t½ will give the slope Kd (mgg-1min½) which is the intra-particle diffusion

constant and intercept C which is an indication of the boundary layer thickness.

3.6.4 THERMODYNAMICS OF ADSORPTION

Thermodynamic parameters ΔH, ΔS and ΔG are calculated using equation 3.23 below.= ∆. + ∆. (3.24)

R = Gas law constant = 8.314 J (mol K)-1 and T = temperature in Kelvin (K)

ΔH and ΔS are determined from slope and intercept respectively of the linear plot of Q/Ce

versus 1/T.  Gibbs free energy of adsorption ΔG (kJ/mol) is calculated from the values of

ΔH and ΔS using equation 3.25 below.∆ = ∆ − ∆ (3.25)
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The negative value of ΔH indicates the adsorption process is exothermic while the positive

values of ΔH indicate the process is endothermic and also show the process may be due to

chemical bonding or chemisorption (Sever et al, 2004). Positive value of ΔS suggests the

adsorption is spontaneous in nature and there is increased randomness at the solid solution

interface during adsorption. The negative values of ΔG indicate the process to be feasible and

adsorption to be spontaneous.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 STARCH YIELD

The starch yield of the plantain peel starch is as shown in Table 4.1.  The value is low

compared to the 3% reported by Happi-Emaga et al (2008). Comparison of this value to the

values for the rich sources of starch (cassava, corn, wheat etc.) shows a very low yield.

However, it is worthy to note that PPL starch is got from what has been discarded as waste

while other sources are from the edible parts of the foodstuff ; hence competing with the

human consumption of this food sources. Also, the low yield may be attributed to the wet

milling method of isolating the starch granule. Starch content in unripe plantain peels has

been reported to be 38% (380g/kg) (Happi-Emaga et al, 2007), 39.3% (393g/kg) (Agama-

Acevedo et al, 2015) and 40% (Happi-Emaga et al, 2011). Hence, wet milling might not be

the best method for PPL starch extraction.

4.2 DEGREE OF SUBSTITUTION OF MODIFIED STARCHES

The percentage succinylation was calculated to be 13.6875% (i.e. 0.136875 succinic content)

and the degree of substitution was 0.2564. The value of DS is higher than the value (0.15) for

yam starch succinylation with 7g of succinic anhydride reported by Awokoya et al (2011).

Awokoya and Moronkola (2012) also reported a DS value of 0.28 for corn starch (100g)

succinylation with 10g of succinic anhydride and this can be said to be in the same range

with the value reported in this study which used 6.4g of succinic anhydride for 80g of unripe

plantain peel starch. This could imply that the starch from unripe plantain peels is more

susceptible to modifications.
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4.3 PHYSICOCHEMICAL PROPERTIES OF THE STARCHES

The results of the physicochemical properties of the native unripe plantain peel starch and its

derivatives are as shown in Tables 4.1 and 4.2.

Table 4.1: Starch yield and proximate analysis of native and modified starches.

PROXIMATE ANALYSIS NS SCS PPS

Starch Yield (%) 1.8571

(18.571g/kg)

- -

Degree Of Substitution - 0.2564 -

pH (@ 25oc 7.4860 8.2830 6.5430

Moisture Content (%) 12.6000 8.0000 9.1500

Ash Content (%) 0.4700 0.1600 16.5900

Table 4.2: Functional properties of native and modified starches

FUNCTIONAL PROPERTIES NS SCS PPS

Bulk Density (g/ml) 0.4562 0.5130 0.7759

Tapped Density (g/ml) 0.5588 0.6227 0.7797

Particle Density (g/ml) 0.3708 0.3745 0.3847

Water Binding Capacity (g/g) 1.6620

(166.2%)

2.3552

(235.22%)

1.6536

(165.36%)

Fat Binding Capacity (g/g) 1.3848

(138.48%)

1.2200 (122.0%) 1.0400

(104.0%)

Dispersibility (%) 84.0000 74.0000 82.0000

In Table 4.1, it could be seen that the modifications on the PPL starch increased the pH of the

starch derivatives from near alkaline to alkaline for SCS and acidic for PPS. This might be

attributed to the system in which the modifications were made. As could be recalled, the

succinylation was done in an alkaline media at a pH range of 8-9 while phosphorylation was

done at a pH range of 4-5. The pH of the PPL starch is quite high and did not fall within the
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acceptable range of 4.74 to 5.50 (Onwueme, 1982) for a good quality starch. The moisture

content and ash content of the native starch was within the acceptable value of 12% and less

than 0.5% respectively for a good starch. The modified starches had lower values of moisture

content with the succinylated derivative having the lowest value. Low moisture contents in

modified starches play a vital role in long storage but high moisture levels favour microbial

growth and cause the starch to become discoloured especially if the moisture content level

exceeds 18% (Shipman, 1967). Succinylation reduces the values for non-starch components

such as (protein, ash, fat and moisture content) (Olayinka et al, 2011). The low non-starch

components of the starches make them useful in some industrial applications. The ash

content of the SCS was lower than those of NS and PPS. Reductions observed in % ash

might be due to washing of degraded starch molecule after succinylation. PPS had the

highest value of ash content (with a wide margin), an indication of high phosphorous content.

PPS had the highest value of bulk, tapped and true densities. Bulk density is a function of

particle size; particle size is inversely proportional to bulk density (Zaku et al, 2009). The

relatively high value of bulk density of PPS suggests its suitability as drugs binder and

disintegrant in pharmaceuticals. SCS had the highest value for water binding capacity

(WBC). The introduction of bulky ester groups and their electrostatic repulsion facilitated

percolation and absorption of water within the starch matrices. The WBC for the native

starch is very low compared to the value (13.5g/g) reported by Taslima et al (2015). It may

be due to the specie and plant origin. Succinylation reduced the FBC of the native starch.

Phosphorylation did not improve the WBC and FBC of the starch possibly due to the

presence of the phosphate groups. Native starch had the highest value of dispersibility than

its derivatives. Dispersibility is a measure of the reconstitution of starch in water; the higher
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the dispersibility, the better the reconstitutional properties of the starches which have a

marked effect on gel quality.

Table 4.3: Solubility index and swelling power of native and modified starches at
different temperatures.

Temperature

(oC)

NS SCS PPS

SP (g/g) SI (%) SP (g/g) SI (%) SP (g/g) SI (%)

60 1.5120 5.8500 4.4000 3.1430 0.3240 25.7230

70 2.0580 6.8740 6.8328 4.1570 0.6740 48.7950

80 5.6250 8.1853 10.5680 5.8764 0.7335 54.5935

90 8.0260 9.3524 12.9500 6.9365 0.3835 62.2850

Results of the swelling power and solubility index of the starches at various temperatures are

presented in Table 4.3 and illustrated in Figures 4.1 and 4.2 respectively.  The results indicate

that both swelling power and solubility index are temperature dependent, and values

increased with increasing temperature. As temperature increases, starch molecules become

thermodynamically activated, and the resulting increase in granular mobility enhances

penetration of water which facilitates improved swelling capacities. Succinylated starch had

the highest values for swelling power than native starch and phosphorylated starch, and did

not show a significant change in the solubility when compared to native starch. The bulky

hydrophilic succinate groups will bring about starch chain expansion and swelling power

increase. A similar report was made by Olayinka et al (2011) for sorghum starch succinates

and Alumimostill et al (2005) for cassava starch succinates. Bhandari and Singhal (2002)

also reported increase in swelling power for corn starch succinate (DS 0.2) from 2.14g/g at

45OC to 17g/g at 95oC as against the native corn starch with 2.1g/g at 45oC to 11g/g at 95oC.

Phosphorylated starch had the lowest values for swelling power and highest value for
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solubility index. It could be that the degree of substitution is high and there may be the

possibility of cross-linking.

Figure 4.1. Swelling Power of native and modified starches at different temperatures

Figure 4.2. Solubility Index of native and modified starches at different temperatures
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4.4 FTIR ANALYSIS

Succinylation leads to the substitution of hydroxyl groups in the starch molecules with

carbonyl groups of succinic anhydride while phosphorylation substitutes phosphate groups

for hydroxyl groups in the starch molecule. The introduction of these groups could be

confirmed by FTIR Spectroscopy. Figures 4.23-4.25 show the FTIR spectra of native starch

and its derivatives.

The IR spectra of native starch and sucinylated starches showed similar profiles. In the group

frequency (X-H, double bond and triple bond) region of the IR Spectra of the native starch,

the broad band at 3385.67cm-1, and a peak at 2931.71cm-1, could be attributed to O-H

stretching vibrations of the hydroxyl groups and asymmetric stretching vibrations of the

methylene (-CH2) group respectively. In the succinylated starch the O-H stretching vibrations

and the asymmetric stretching vibrations of the methylene groups are seen at 3405.09cm-1

and 2930.61cm-1 respectively. For the native starch, there are bands at 1154.86cm-1,

1080.71cm-1, 1022.99cm-1, and 931.52cm-1 in the finger print region, which could be

attributed to the C-O bond stretching. These bands shifted to 1154. 60cm-1, 1080.75 cm-1,

1023.81 cm-1, and 931.93 cm-1 for the succinylated starch. The peaks at 1640.11 cm-1 for

native starch and 1640.26 cm-1 for succinylated starch could be presumed to have originated

from tightly bound water molecules in the starch granules. Compared with native starch, the

spectrum of succinylated starch shows a new peak at 1725.46 cm-1, which suggests the

formation of ester carbonyl groups. Also being synthesized in alkaline system, a peak

occurred at 1566.35 cm-1 which is characteristic of the asymmetric stretching vibrations of

the carboxylate RCOO-.

For the phosphorylated starch, the O-H stretching vibrations peaked at 3422.59 cm-1, the

asymmetric stretching vibrations of the methylene group appeared at 2929.94 cm-1 while a
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scissoring of the C-H occurred at 1458.05 cm-1 . Peaks at 1023.01 cm-1, and 931.22 cm-1 in

the finger print region are assigned to stretching vibrations of the aliphatic phosphate group.

The peak at 1079.69 cm-1 is assigned to the ionic phosphate group while the scissoring

vibrations at 1648.01 cm-1 are assigned to the carboxylic group of the starch monoester.

These analyses show evidence of modifications by succinylation and phosphorylation on the

native starch.

4.5 SEM ANALYSIS

The Scanning Electron Microscopic images of the native and modified starches are given in

Figures 4.3-4.5. The images were presented at different magnifications (400X, 700X, 1000X

and 1500X). The morphology of the native starch articulated smooth, irregular, rod-like and

highly elongated shapes of the plantain peel starch granules. This is similar to the reports

made by Talisma et al (2015) who posited that the granules are smooth and elongated

filaments with irregular and spheroid shapes. The morphology of the native starch was the

same as that of the native starch which corresponds to similar profiles exhibited by both

starches in their IR spectra. However, granules of the succinylated starch formed aggregates

thus resulting to what is regarded as compound starch granules. The granules of the

phosphorylated starch were totally different from the native starch. The granules were

swollen with coarse surface and the shapes were distortedly irregular, corresponding to

Diego et al (2014) reports on the morphology of phosphorylated Solanum Lycocarpum

starch. The differences in the morphologies of the starches give an evidence of modification.
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Figure 4.3: SEM Images of Native Unripe Plantain Peel Starch @ (A) 400X (B) 700X
(C) 1000X and (D) 1500X
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A B

C D

Figure 4.4: SEM Images of Succinylated Unripe Plantain Peel Starch @ (A) 400X (B)
700X (C) 1000X and (D) 1500X
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A

Figure 4.5: SEM Images of Phosphorylated Unripe Plantain Peel Starch @ (A) 400X
(B) 700X (C) 1000X and (D) 1500X
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4.6 ADSORPTION STUDIES

The adsorption studies showed that the adsorbents exhibited similar adsorption

characteristics which are evident on the fact that both are anionic starches.

4.6.1 ADSORPTION CAPACITY AND PERCENTAGE ADSORBED

4.6.1.1 EFFECT OF pH

The pH of the adsorbate solution plays an important role in the adsorption process. The

results of Figure 4.6 shows that the adsorption capacities of the adsorbents increased from pH

2 and climaxed at pH 4. At pH 2, the adsorbents are highly protonated and cannot effectively

interact with the metal ions because of the loss of negative charge (Kweon et al, 2001).

Above pH 4, the adsorption capacities of the adsorbents decreased.  Awokoya and

Moronkola (2012) reported an increase of the adsorption capacity with increase in pH and

adsorption capacity was higher at pH 6. Kweon et al (2001) had the highest adsorption

capacity at pH 7. The difference in the reports could be attributed to difference in the

concentration of the metal ion and the adsorbent dosage used for the adsorption process. At

pH 8, 10 and 12, little adsorption was observed and this could be attributed to the fact that

the Pb (II) ions start precipitating as Pb (OH)2 and hence, the ionic interactions between the

adsorbate and adsorbent reduced greatly. It was also found that the phosphorylated starch had

a higher value of adsorption capacity at pH 4 than the succinylated. The ester group between

the phosphate group and the AGU linkage might have caused that. A similar trend is seen in

Figure 4.7 where the percentage of Pb (II) ions removed were higher at pH 4 and lowest at

alkaline pH.
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Figure 4.6: Effect of pH of adsorbate solution on adsorptive capacities of the
adsorbents.

Figure 4.7: Percentage of Pb (II) ions adsorbed at different pH.
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4.6.1.2 EFFECT OF ADSORBENT DOSAGE

The effect of adsorbent dosage was studied to know the maximum dosage required for the

adsorption process. The adsorbents showed different behaviours. While the adsorption

capacity of the phosphorylated starch was higher at 0.05g dosage, that of the succinylated

starch was higher at 0.25g dosage. This could be attributed to high DS of the phosphorylated

starch. The adsorption capacity of the phosphorylated starch decreased with increase in the

dosage while that of the succinylated starch increased with increase in dosage.  A different

trend is seen in the percentage removed. There was increase in the percentage of the metal

ions removed as the dosage of the adsorbents increase in both cases as the residual

concentrations were decreasing. This could be attributed to the increase in the active sites as

the dosage increases (Shi-Mei Xu et al., 2005).  These illustrations are given in Figures 4.8

and 4.9.

Figure 4.8: Effect of Dosage on adsorption capacities of the adsorbents.
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Figure 4.9: Percentage of Pb (II) ions adsorbed at different adsorbent dosages.

4.6.1.3 EFFECT OF CONTACT TIME
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Figure 4.10: Effect of Contact time on adsorption capacities of the adsorbents.

Figure 4.11: Percentage of Pb (II) ions adsorbed at different contact times.
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4.6.1.4 EFFECT OF INITIAL METAL ION CONCENTRATION

The effects of initial Pb (II) ions were studied to determine the adsorption strength of the

sorbents for lead adsorption. This was done at optimum pH and 60mins equilibrium time. As

could be seen in Figure 4.12, the adsorption capacities of the anionic sorbents were

dependent on the initial metal ion concentration in the solution. The adsorption capacities

increased with increasing initial Pb (II) ions concentration. Similar reports were made by

Kweon et al (2001) and Awokoya and Moronkola(2012). The increasing adsorption

capacities of the adsorbents might be attributed to the fact that increasing initial

concentration could increase the contact of surface solid-liquid, resulting in the higher

collision between Pb (II) ions and the adsorbents (Awokoya & Moronkola, 2012).

Figure 4.12: Effect of Initial concentration of Pb (II) ions on adsorption capacities of the
adsorbents.
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However, the percentage Pb (II) ions removal showed a different trend as the percentage

metal ions removed were decreasing with increasing metal ion concentration. At 20mg/l Pb

(II) ions concentration, almost all the metal ions were sorbed. This is illustrated in Figure

4.13. Phosphorylated starch had highest value of adsorption capacity and percentage

removal.

Figure 4.13: Percentage of Pb (II) ions adsorbed at different metal ion concentrations.
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Figure 4.14: Effect of Temperature on adsorption capacities of the adsorbents.

Figure 4.15: Percentage of Pb (II) ions adsorbed at different temperatures.
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4.6.2 ADSORPTION ISOTHERMS

The adsorption isotherms for Pb (II) ions adsorption was studied by fitting the experimental

data into Langmuir and Freundlich isotherms. The Langmuir isotherms are presented in

Figures 4.16-4.17 for succinylated starch and phosphorylated starch respectively. The

Langmuir parameters are presented in tables 4.4. It could be noticed that phosphorylated

starch had the highest value for the Langmuir’s parameter Qm which depicts the maximum or

monolayer adsorption capacity. The value of Qm for the succinylated starch is within the

range reported by Awokoya and Moronkola (2012) who reported maximum adsorption

capacities of 4.411mg/g, 5.814mg/g, and 6.922mg/g for DS of 0.19, 0.28 and 0.47

respectively. Kwoen et al (2001) reported a Qm of 0.534mol/g for succinylated starch with

DS 0.07. The correlation coefficients R2 obtained were close to unity as seen in Table 4.4,

showing that the experimental data for lead adsorption on the modified starches fitted well

into Langmuir’s isotherm. The values were close to the R2 values reported by Awokoya and

Moronkola (2012).  The Langmuir’s equilibrium constant b (l/mg) which is related to the

affinity of the metal ions for the binding sites is higher in the succinylated starch. The value

obtained is also higher than the values reported by Awokoya and Moronkola (2012). Also the

monolayer adsorption capacity of the adsorbents is comparable to the maximum adsorption

obtained from the adsorption isotherms.

Table 4.4: Langmuir Parameters for the Adsorbents

Adsorbent Qm (mg/g) b (l/mg) R2

SCS 5.4025 0.4604 0.9853

PPS 5.9032 0.3912 0.9892
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Figure 4.16: Langmuir adsorption isotherm for the adsorption of Pb (II) ions on
Succinylated starch adsorbent.

Figure 4.17: Langmuir adsorption isotherm for the adsorption of Pb (II) ions on
Phosphorylated starch adsorbent.
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As stated earlier, the essential characteristics of the Langmuir isotherm can be expressed in

terms of a dimensionless equilibrium parameter or separation factor (RL) (Hameed et al,

2006; Sekar et al, 2004, Nwabanne, 2010). The RL values for the adsorbents at different

concentrations of the metal ions are presented in Table 4.5.

Table 4.5: RL Values for the adsorption of Pb (II) ions on the adsorbents

RL VALUES

Pb (II) Ion

Concentration (mg/L)

20 40 60 80 100

SCS 0.0979 0.0515 0.0349 0.0264 0.0213

PPS 0.1133 0.0601 0.0486 0.0340 0.0249

The RL values shows whether an adsorption process is favourable, unfavourable, irreversible

or linear as illustrated in Table 4.16.

Table 4.6: RL Values and Type of isotherm

RL VALUE TYPE OF ISOTHERM

RL greater than unity (˃ 1) Unfavourable adsorption

Zero is less than RL less than unity (0 ˂ RL ˂ 1) Favourable adsorption

RL equal to unity (= 1) Linear adsorption

RL equal to zero (= 0) Irreversible adsorption

Comparison of Tables 4.5 and 4.6 shows a favourable adsorption isotherm for the adsorption

of lead ions onto the modified starches and phosphorylated starch was favoured more than

the succinylated starch.

The Freundlich’s isotherms are presented in Figures 4.18- and 4.19 for succinylated starch

and phosphorylated starch respectively.
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Figure 4.18: Freundlich adsorption isotherm for the adsorption of Pb (II) ions on
Succinylated starch adsorbent.

Figure 4.19: Freundlich adsorption isotherm for the adsorption of Pb (II) ions on
Phosphorylated starch adsorbent.
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Freundlich’s adsorption parameters are presented in Tables 4.7.

Table 4.7: Freundlich Parameters for the Adsorbents

Parameters 1/n n KF R2

SCS 0.0407 24.5700 4.3540 0.4652

PPS 0.0604 16.5563 4.3479 0.8178

KF provides an indication of the adsorption capacity of the adsorbents. The values are shown

in Table 4.7 with SCS having the highest value though with insignificant margin to PPS. The

magnitude of the exponent, n gives an indication of the favourability and capacity of the

adsorbent/adsorbate system. Karthikeyan et al (2003) has reported that n values between 1

and 10 represent favourable adsorption conditions. As could be seen in table 4.7, the n values

are greater than 10 for both adsorbents and the correlation coefficients are low with SCS

having the lowest. This shows that Freundlich isotherm model is less fitted to present

adsorption study compared to Langmuir model. Hence, Langmuir model fits better for

adsorption of Pb (II) ions onto succinylated and phosphorylated unripe plantain peel starches.

4.6.3 ADSORPTION KINETICS

The adsorption kinetics was studied using the intra-particle diffusion model where adsorption

capacities at different contact times are plotted against the square root of the time in Figure

4.20. The plot gives a slope Kd which is the intra-particle rate constant and an intercept C

which is indicative of the boundary layer thickness. If the line passes through the origin, it

shows that the intra-particle diffusion model is the only rate-controlling step. If the line does

not pass through the origin, it shows that intra-particle diffusion is not the only rate-limiting

step. If intercept is greater than zero, it indicates the existence of some boundary layer effect
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and if the intercept is less than zero, it shows the absence of some boundary layer effect. The

intra-particle diffusion parameters are shown in Table 4.8.

Figure 4.20: Intra particle diffusion model fitted to the batch adsorption data obtained
for Pb (II) adsorption by SCS and PPS

Table 4.8: Intra-particle Diffusion Parameters for the Adsorbents

It can be seen from the small value of the intra-particle diffusion constant Kd that the

boundary layer has less significant effect about the diffusion mechanism of Pb (II) ions

uptake on the adsorbents. The values of the intercept are less than zero and the line of plot

did not pass through the origin suggesting that the model is not the only rate-controlling step,

but also other kinetic models may control adsorption rate and all may operate

y = 0.6977x - 2.0881
R² = 0.9737y = 0.7034x - 1.9157

R² = 0.9663

0

1

2

3

4

5

6

7

0 2 4 6 8 10 12

Q
t (

m
g/

g)

t½ (mins)½

SCS

PPS

Parameters Kd C R2

SCS 0.6977 -2.0881 0.9737

PPS 0.7034 -1.9157 0.9663



93

simultaneously. It can also be adjudged from the R2 values that intra-particle diffusion model

correlated the adsorption mechanism.

4.6.4 ADSORPTION THERMODYNAMICS

To determine the thermodynamic parameters of the adsorption process, a plot of log Qe/Ce vs

1/T is given in Figure 4.21.

Figure 4.21: Plot of log Qe/Ce versus 1/T for adsorption of Pb (II) adsorption onto SCS

and PPS
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The values of ΔH, ΔS, and ΔG at different temperatures are given in Table 4.9.

Table 4.9: Thermodynamic Parameters for the Adsorption process

Adsorbent /
Parameters

T (oC) ΔH (kJ/Mol) ΔS x 10-2

(KJ/Mol)
ΔG

(KJ/Mol)
R2

SCS 35
45
55
65
75

5.5850 0.5417 3.9218
3.8678
3.8138
3.7598
3.7058

0.8609

PPS 35
45
55
65
75

3.7560 0.0783 3.5148
3.5070
3.4991
3.4913
3.4835

0.8920

It could be observed from Table 4.9 that the values of the enthalpy change ΔH is positive in

the systems of sorbate-adsorbent for both starch adsorbents. The positive values depict that

adsorption process is endothermic and may be due to chemical bonding or chemisorption

(Sever et al, 2004). However, the low negative values obtained for ΔH in both cases indicates

that adsorption is a physical process (physiosorption). Inglezakis and Poulopolous (2006)

posited that values of ΔH from 5-40 kJ/mol show physical adsorption. The positive value of

ΔS suggests that some structural changes occur on the adsorbent and the randomness at the

solid/liquid interface in the adsorption system increases during the adsorption process. The

positive values of ΔG indicate that adsorption may be difficult a little and may be attributed

to interference of the metal ions with the normal adsorption system. However, the low values

indicate that adsorption could be feasible. ΔG is dependent on temperature and decreases

with increasing temperature as seen in Figure 4.22. The value of R2 is unity in both cases

showing that adsorption will be favourable at a higher temperature if there is no interference

of the adsorption system by the positive metal ions.
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Figure 4.22: Plot of versus ΔG Vs T for adsorption of Pb (II) adsorption onto SCS and
PPS
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

From the analysis carried out in this research and the results obtained, the following

conclusions are made:

 Starch can be obtained from unripe plantain peel waste.

 The physicochemical properties studied shows that starch from unripe plantain peels

have functional properties similar to starches from other sources.

 The structural and morphological analyses have similarities compared to starches from

other sources.

 The results of the ash content and moisture content show that plantain peel starch is a

good quality starch with high shelf life.

 Starch from unripe plantain peels can be modified into derivatives just like starches

from other sources, and those derivatives can function in the same way as the

derivatives of starch from other sources.

 Modified starch from unripe plantain peels can be used as an adsorbent for the

removal of heavy metals in water even at concentrations as low as 5mg/l.

 The adsorption process of modified unripe plantain peel starch adsorbents fitted well

into Langmuir’s isotherm with intra-particle diffusion model as one of the rate

determining steps.

 High value of bulk density obtained in the phosphorylated starch shows its suitability

as drug binders and disintegrants in the pharmaceutical industry.
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 Starch from unripe plantain peels can be employed in other industries like the food

processing industry and paper industry to serve as thickeners, texturizers, binders and

flocculants due to their ability to reconstitute in water.

5.2 CONTRIBUTIONS TO KNOWLEDGE

From the conclusions, the hypotheses were answered and hence this research has made the

following contributions to knowledge:

 Unripe plantain peel is a rich source of starch that can be used in its modified form as

adsorbents for removal of heavy metals from wastewater.

 This will go a long way to reduce the incessant attention paid to corn starch and other

known sources.

 The production of the adsorbent is cost effective as the materials were sourced from

waste.

 Better use has been found for unripe plantain peel waste instead of disposal which

causes environmental nuisance.

5.3 RECOMMENDATIONS

 It was observed that the starch yield from unripe plantain peels is very low compared

to the starch content reported in literature; the isolation method used for the extraction

might not be the best and hence other isolation methods like solvent extraction should

be investigated.

 From literature, the degree of substitution affects starch properties. This research

studied only with one degree of substitution; other researches should be made on
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succinylation and phosphorylation of unripe plantain peel starch at varying degrees of

substitution.

 Other modifications (physical, chemical and biological) should be made on the starch

and their effects on the properties of starch studied.

 Other properties like thermal, rheological and pasting properties of the starch should

be studied.

 The adsorption isotherms and adsorption kinetics of the adsorbents should be studied

using other models different from the models used in this study.
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APPENDIX I

BATCH ADSORPTION EXPERIMENTS

Table 4.10: Effect of pH on Adsorption of Pb (II) ions

SCS PPS

pH Co

(mg/l)

Ce (mg/l) Co -Ce

(mg/l)

Qe

(mg/g)

%

adsorbed

Ce (mg/l) Co -Ce

(mg/l)

Qe

(mg/g)

%

adsorbed

2 40 27.6910 12.3090 3.0773 30.7725 26.6512 13.3418 3.3354 33.3545

4 40 19.0449 20.8529 5.2132 52.1323 18.9653 21.0347 5.2587 52.5867

6 40 29.0449 10.9551 2.7388 27.3876 28.9653 11.0347 2.7587 27.5867

8 40 33.0243 6.9757 1.7439 17.4393 31.1479 8.8521 2.2130 22.1302

10 40 36.4911 3.5089 0.8772 8.7723 34.9505 5.0495 1.2624 12.6237

12 40 38.5794 1.4206 0.3552 3.5515 37.6724 2.3276 0.5819 5.8190

Table 4.11: Effects of Adsorbent Dosage on Adsorption of Pb (II) ions

SCS PPS

m

(g)

Co

(mg/l)

Ce (mg/l) Co -Ce

(mg/l)

Qe

(mg/g)

%

adsorbed

Ce (mg/l) Co -Ce

(mg/l)

Qe

(mg/g)

%

adsorbed

0.05 40 36.6583 3.3417 3.3417 8.3543 34.1653 5.8347 5.8347 14.5867

0.10 40 32.5314 7.4686 3.7343 18.6715 30.9942 9.0058 4.5029 22.5145

0.15 40 27.4173 12.5827 4.1942 31.4568 25.4226 14.5774 4.8596 36.4435

0.20 40 22.2211 17.7789 4.4447 44.4473 21.5217 18.4783 4.6196 46.1957

0.25 40 17.1107 22.8893 4.5779 57.2233 16.8689 23.1311 4.6262 57.8277
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Table 4.12: Effect of Contact Time on Adsorption of Pb (II) ions

SCS PPS

t

(mins)

Co

(mg/l)

Ce

(mg/l)

Co -Ce

(mg/l)

Qe

(mg/g)

%

adsorbed

Ce

(mg/l)

Co -Ce

(mg/l)

Qe

(mg/g)

%

adsorbed

10 40 38.2596 1,7404 0.4351 4.3510 37.3356 2.6644 0.6661 6.6610

30 40 34.2596 5.7404 1.4351 14.3510 33.3356 6.6644 1.6661 16.6661

60 40 28.4497 11.5503 2.8876 28.8758 28.1478 11.8522 2.9631 29.6305

90 40 20.4127 19.5873 4.8968 48.9683 19.5419 20.4581 5.1145 51.1452

120 40 17.6090 22.3910 5.5978 55.9775 16.3402 23.6598 5.9149 59.1495

Table 4.13: Effect of Initial metal ion concentration on Adsorption of Pb (II) ions

SCS PPS

Co

(mg/l)

Ce

(mg/l)

Co -Ce

(mg/l)

Qe

(mg/g)

%

adsorbed

Ce (mg/l) Co -Ce

(mg/l)

Qe

(mg/g)

% adsorbed

20 2.1325 17.8675 4.4669 89.3375 1.8463 18.1537 4.5384 90.7685

40 19.1989 20.8011 5.2003 52.0027 18.9775 21.0225 5.2556 52.5562

60 41.2886 18.7114 4.6778 31.1857 39.2264 20.7736 5.1934 34.6227

80 60.2418 19.7582 4.9396 24.6977 58.5580 21.4420 5.3605 26.8025

100 77.7217 22.2783 5.5696 22.2783 75.9604 24.0396 6.0099 24.0396
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Table 4.14: Effect of Temperature on Adsorption of Pb (II) ions

SCS PPS

T

(oC)

Co

(mg/l)

Ce

(mg/l)

Co -Ce

(mg/l)

Qe

(mg/g)

%

adsorbed

Ce

(mg/l)

Co -Ce

(mg/l)

Qe

(mg/g)

%

adsorbed

35 40 18.5387 21.4613 4.2923 53.6533 17.5386 22.4614 4.4923 56.1535

45 40 18.1331 21.8669 4.3734 54.6673 17.1168 22.8832 4.5766 57.2080

55 40 17.8463 22.1537 4.4307 55.3843 16.2774 23.7226 4.7440 59.3065

65 40 16.3658 23.6342 4.7268 59.0855 15.8886 24.1114 4.8223 60.2785

75 40 16.3861 23.6139 4.7228 59.0348 15.9577 24.0423 4.8085 60.1057

Table 4.15: Table of plot for Langmuir isotherm (m = 0.2g, v=0.05L, T = room
temperature, time = 90mins)

Concentration

(mg/l)

SCS PPS

Ce /Qe (mg/l) Ce (mg/l) Ce /Qe (mg/l) Ce (mg/l)

20 0.4774 2.1325 1.8463 0.4068

40 3.6919 19.1989 18.9775 3.6109

60 8.8265 41.2886 39.2264 7.5531

80 12.1956 60.2418 58.5580 10.9239

100 13.9546 77.7217 75.9604 12.6392
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Table 4.16: Table of plot for Freundlich isotherm (m = 0.2g, v=0.05L, T = room

temperature, time = 90mins)

Concentration

(mg/l)

SCS PPS

In Qe (mg/g) In Ce (mg/l) In Qe (mg/g) In Ce (mg/l)

20 1.4967 0.7572 1.5126 0.6132

40 1.6487 2.9548 1.6593 2.9432

60 1.5428 3.7206 1.6474 3.6693

80 1.5973 4.0984 1.6791 4.0700

100 1.7173 4.3531 1.7934 4.3302

Table 4.17: Table of Plot for Intra-Particle diffusion Model Kinetics

Time (mins) SCS PPS

Qt (mg/g) t½ (mins)½ Qt (mg/g) t½ (mins)½

10 0.4351 3.1623 0.6661 3.1623

30 1.4351 5.4772 1.6661 5.4772

60 2.8876 7.7459 2.9632 7.7459

90 4.8968 9.4868 5.1145 9.4868

150 5.5978 10.9545 5.9149 10.9545
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Table 4.18: Table of Plot of log Qe/Ce versus 1/T

T ( oC) T (K) 1/T (K-1) SCS PPS

Qe/Ce (l/g) log Qe/Ce-

(l/g)

Qe/Ce (l/g) log Qe/Ce-

(l/g)

35 308 0.0032 0.2315 -0.6304 0.2561 -0.5916

45 318 0.0031 0.2286 -0.6409 0.2674 -0.5728

55 328 0.0030 0.2483 -0.6050 0.2915 -0.5354

65 338 0.0029 0.2888 -0.5394 0.3030 -0.5178

75 348 0.0028 0.2882 -0.5403 0.3013 -0.5210

Table 4.19: Table of plot of ΔG versus T

T ( oC) ΔG (KJ/Mol)

SCS PPS

35 3.9218 3.5148

45 3.8678 3.5070

55 3.8138 3.4991

65 3.7598 3.4913

75 3.7058 3.4835
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APPENDIX II
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Figure 4.23: FTIR Spectra of Native Unripe Plantain Peel Starch
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APPENDIX III
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Figure 4.24: FTIR Spectra of Succinylated Unripe Plantain Peel Starch
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Figure 4.25: FTIR Spectra of Phosphorylated Unripe Plantain Peel Starch
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