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ABSTRACT

Chitin is the second most abundant natural biopolymer after cellulose and is
distributed in the shells of crustacea and cuticle o f insects and also in the cell wall of
some fungi. Chitosan is the deacetylated product of chitin. Chitosan has been used in a
number of fields such as agriculture, the food industry and medicine. Both chitin and
chitosan are recognized as excellent metal ligands, forming stable complexes with many
metal ions. In particular, chitosan is considered one of the best natural chelators for

transition metal ions and an effective protein coagulating agent.

The processing discards of shellfish pose major technological problems, mainly
due to their insolubility in w ater and r esistance to biodegradation. D irect use ofcrab
processing discards is generally discouraged due to the obnoxious odour of putrefying

shells, therefore, value-added utilization of their discards is of paramount importance.

In the treatment of crab processing discards to extend their usable shelf-life, five
different chemical treatments were used. Fresh samples of crab processing discards were
treated by dipping in 1% formaldehyde, formic acid, acetic acid, sodium bicarbonate or
sodium hydroxide solution. Experiments were conducted at two temperatures ranges; 4-
7°C and 20-25°C. The samples were evaluated for sensory characteristics by a seven -
membered panel and the results were recorded. Chitin isolated from crab processing
discards was deacetylated in order to produce three types of chitosan (Types 1, 2 and 3).
Chitosans so prepared were evaluated for their capacity to chelate single metal ion
solutions containing Co”", Fe*", Ni**, Cd*" Mn**, Zn®" and Cu**. Then, the three chitosan
types were tested for their capacity to chelate metal ions in samples of water obtained
from a zinc minining site, Buchans, Newfoundland. Ethylenediaminetetraacetic acid
(EDTA) was used as the reference chelating agent. The capacity to chelate single metal
ions by chitosan and EDTA was determined by a colourimetric method and metal
chelation capacity of wastewater was determined by inductively coupled plasma-mass
spectrometry (ICP-MS) at three pH levels (5,6 and 7). Chelation and recovery of metals

from aqueous solutions using a column containing chitosan was also determined by ICP-



i

MS. Ethylenediaminetetraacetic acid was used to recover metal ions that were chelated
by chitosan in the column. Chitosan served as an effective coagulating agent in removing

proteins from waste water.

Out of the tested treatments, 1% formaldehyde served best in controlling the foul
odour development both at 4-7°C and 20-25°C followed by formic acid. Due to possible
carcinogenicity o f formaldehyde, formic acid could be best utilized in controlling foul
odour of crab wastes. At all pH levels tested, EDTA exhibited the highest chelation
capacity. At pH 5, chitosan served best for metal ion chelation and pH 7 was best for
metal mixtures in waste water. Metal chelation by a column method for single metal ions
showed over 98% chelation both at 50 and 100 ppm except for Co*" while gave a metal
recovery of 52-97%. For mixtures of metal ions, except Co’', exhibited 94% chelation
and metal recovery was 24-90%. Chitosan Type 1 showed the best protein flocculation

ability followed by Types 2 and 3 chitosan.

Encouraging results for metal chelation and recovery by the prepared chitosan and
protein flocculation reveal that crustacean processing discards can be converted to useful

environmentally friendly material for wastewater purification.
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CHAPTER 1
INTRODUCTION

Heavy metals belong to the group of elements described geochemically as trace
elements, because they collectively comprise <1% of the rock in the earth’s crust
(Alloway, 2001). Heavy metals are released into the aqueous environment through a
variety of sources such as metal smelter effluents, textiles, microelectronics and usage in
fertilizers and plastics. It is well known that most trace metals display strong
bioactivities. The heavy metals play a dual role as essential nutrients and toxic chemicals
in plant production and human health (Harada and Hatanka, 1988). The hazards
associated with the pollution of water bodies caused by heavy metals have led to the
development of various wastewater reclamation technologies (Bassi ef al., 2000). Heavy
metals at low concentrations are difficult to remove. Chemical precipitation, reverse
osmosis, and other available methods become inefficient when heavy metal contaminants
are present in trace amounts in a large volume o f solution. Adsorption is one of few
alternatives available in such a situation (Huang ef al., 1996). The use of adsorbents (eg.
activated carbon, low cost industrial products and microbial materials) has received
extensive attention (Huang et al., 1996). All of these technologies have their inherent
advantages and limitations. For instance, activated carbon still requires complexing
agents to improve its performance in removing inorganic matters. On the other hand,

1on-exchange resins are effective, but expensive.

The use of chelation 1on exchange for wastewater remediation has been gaining
attention in the recent past. Chelation ion exchange, in contrast to simple ion exchange,

takes advantage of removing only toxic metal ions while the harmless ions move on into



the environment (Deans and Dixon, 1992). Some of the best chelation ion-exchange
materials consist of different biopolymers and their derivatives because of the variety of
functional groups, such as OH and NH; (Bassi et al., 2000). Biopolymers are attracting
increasing interest for their capacity as effective scavengers of heavy metals, thus making
them environmentally safe (Huang et al., 1996). Such materials include cellulose,

alginates, proteins, chitin and chitin derivatives.

Chitin (ploy[B-(1-4)-2-acetoamido-2-deoxy-D-glucopyranose]), a polymer of N-
acetyl-D-glucosamine is one of the most abundant organic materials produced annually
by biosynthesis in animals, particularly in crustacea, mollusks and insects, and in certain
fungi. Its derivative chitosan (ploy[B-(1-4)-2-amino-2-deoxy-D-glucopyranose]), a
polymer of D-glucosamine, has reactive amino groups which are responsible for complex
formation between metal ions and the polymer chain. Chitosan is a heteropolymer made
of D-glucosamine and a small fraction of N-acetyl-D-glucosamine residues (Roberts,
1992). Therefore, the adsorption ability of chitosan is found to be much higher than that
of chitin, which has relatively fewer amino groups. Chitosan also has many other useful
features, including hydrophilicity, biocompatibility, biodegradability, antibacterial
property, and a remarkable affinity for many proteins (Bassi ef al., 2000). Reclamation of
proteins yields not only economically valuable products, but also the pretreatment of
food, industrial wastewater which is becoming a common requirement prior to discharge
to the municipal sewer systems (Selmer-Olsen et al., 1996). Chitosan, with its partial
positive charge, can be used for coagulation and recovery of proteinaceous materials

present in such food processing operation (Knorr, 1991).



The processing of shellfish waste poses major technological problems as shells
are largely water insoluble and very resistant to natural biodegradation (Healy et al.,
1994). Direct use of these discards for land manuring, or spreading, 1s generally
discouraged by the uniquely o bnoxious odours o f putrefying shells. Therefore, value-
added utilization of shell discards is of importance. Hence, the uses of chitin and chitosan
have been explored for wastewater treatment such as removal of metals, recovery of

precious metals and removal of proteinaceous materials from industrial wastewater.

Most previous studies have dealt with examining the capabilities of chitosan to
adsorb metal ions and coagulation of proteinacous materials from industrial wastewater.
However, little attempt has been made to understand the characteristics of different

chitosans obtained by adapting different deacetylation times.

The objectives of the present study are to evaluate the efficacy of different
chemicals for extending the shelflife of fresh-crab processing discards prior to future
processing. Preparation of chitosan from locally available crab discards was also
attempted. In addition, the potential of chitosans produced under different conditions in
chelating metal ions and flocculation of proteins was investigated. Finally, industrial

wastewater containing a wide variety of metal ions was investigated.



CHAPTER 2
LITERATURE REVIEW

The environment, including the atmosphere, earth, water and space are affected
by various activities of man; hence, the composition and the complex nature of the
environment change. Over the past 200 years, a rapid increase in population worldwide
has necessitated the need for even greater use of fuel and development of industrial
chemicals, fertilizers, pesticides and pharmaceuticals to sustain and improve the quality
of life (Chakrabarty et al, 1988). Although many of these chemicals are utilized or
destroyed, a high percentage of them is released into the atmosphere, water and soil; all
of which represents a potential environmental hazard (Alexander, 1995). Unfortunately,
it is not feasible to replace all 1ndustrial processes that g enerate p olluting w astes with
clean alternatives (Betts, 1991). Diverse environmental impacts are usually associated
with high contaminant concentration formed in close proximity to input sources.
Environmental pollution is classified into various groups, namely air pollution, water
pollution (i.e., industrial effluent pollution and dqrnestic effluent pollution), soil pollution

and noise pollution.

2.1 Air Pollution

Amongst the various types of pollution, air pollution is of greater importance. A
large variety and quantity of contaminants are released into the environment. Once
released, these contaminants may become widely dispersed via the fluid dynamics of
surface water and atmosphere. The atmosphere is responsible for the long-range

dissemination of contaminants over regional, hemispherical and global scales due to its



dynamic nature and ability to move contaminants rapidly (Rahn and Lowenthal, 1984;

Johnes et al., 1989).

Through the process of atmospheric transport and deposition, toxic chemicals
have found their way to remote environments far from emission sources (Eurtz, 1990).
Many of these chemicals are toxic and persistent, thus, can bioaccumulate and remain
biologically active for long periods of time. Airborn pollutants can be broadly defined as
chemicals occurring in the atmosphere in concentration and exposure duration that may
pose a threat to human health and the environment. This broad definition includes an
array of chemicals ranging from criteria pollutants (e.g. ozone, sulphur dioxide), which
have resulted in well-documented biological effects at local and regional scales, to the
greenhouse gases (e.g. methane, chlorofluorocarbons) with their implications for global
warming and stratospheric ozone depletion. Another group of chemicals, often referred
to as air toxic or airborne contaminants, includes a large number and variety of chemical
species broadly categorized as industrial organic, agricultural pesticide, trace metal and
metalloid. These contaminants have strong anthropogenic emission sources _and are
known to be transported long distances (hundreds to thousands of kilometres) on the

troposphere before being deposited into remote environments (Moser et al., 1992).

Although humans have been responsible for emitting contaminants into the
atmosphere for thousands of years, air pollution has increased exponentially, both in
quantity and variety as a result of industrial revolution. Anthropogenic contaminants

emanate from a host of different industrial, urban, and agricultural sources such as



chemical, metal, plastic, pulp and paper industries, fossil fuel processing plants, motor
vehicles and aircrafts, municipal waste incinerators, agricultural practices such as
pesticide usage and field burning, and small business practices, including dry cleaning
among others (Freedman and Hutchinson, 1981). Emissions of toxic chemicals into the
atmosphere may occur directly through deliberate or inadvertent release from industrial
or urban sources or indirectly through volatilization following deliberate or accidental
discharge of chemicals into water or soil. Considerable amounts of toxic chemicals enter
the atmosphere from wind drift and volatilization during and following application of

agricultural pesticides (Waddel and Bower, 1988).

Although numerous toxic chemicals are released from anthropogenic sources,
organochlorine compounds and several trace metals are of particular concern.
Organochlorines are significant environmental contaminants due to their chronic toxicity,
their proven ability for bioaccumulation and biomagnification in the food chain, and the
large quantities that have been manufactured, used, and released into the environment
(Stickel, 1975; Harrison, 2001). Organochlorines represent a large class of chemicals
that include synthetic organics and their by-products such as polychlorinated biphenyls
(PCBs), hexachlorobenzene (HCB), polychlorinated dibenzodioxins (PCDD), and
polychlorinated dibenzofurans (PCDF), and pesticides such as dichlorodiphenyl-

trichloroethane (DDT), hexachlorocyclohexane (HCH) and toxapene.

All trace metals, even those with essential biochemical functions, have the

potential to produce adverse biological effects at excessive levels of exposure. However,



trace metals such as mercury, cadmium, lead, and arsenic are of particular environmental
concern b ecause they are biologically n onessential and are toxic to most organisms at
relatively low concentrations (Nriagu, 1988). The deposition of persistent synthetic
organics and trace metals into terrestrial ecosystems not only results in increasing
concentration of these contaminants in vegetation and soil, but also increases the risk to
organisms at higher tropic levels such as herbivores, detrivores, and carnivores (Stickel,

1975; Martin and Caughtrey, 1981; Buckely, 1982).

2.2 Soil Pollution

Soil 1s an essential component of the terrestrial ecosystem because the growth of
plants and biogeochemical cycling of nutrients depend upon it. Of the total area of the
world’s land (13.07 x 10’ ha), only 11.3% is cultivated for crops; 34% account for forest
and woodlands, 24.6% account for permanent grazing and 31% account for other land
including urban industries and roads (World Resources Institutes, 1994-95). From a
resource perspective, soil is vitally important for the production of food, fibre crops and
timber, and it is therefore essential that the total productive capacity of the world’s soils
not be impaired. Pollution, along with other types of degradation, such as erosion and the
continuing spread of urbanization pose a threat to the sustainability of soil resources.
Soil pollution can also be a hazard to human health when potentially toxic substances are
moved through the food chain or reach the ground water used for drinking purposes,

among others (Alloway, 2001).



In comparison with air and water, soil is more variable and complex in
composition and hence, it functions as a sink for pollutants, a filter which retards the
passage of chemicals to the ground water, and a bioreactor in which many organic
pollutants can be decomposed. As a consequence of its occurrence at the interface
between the land and the atmosphere, soil is the recipient of a diverse range of polluting
chemicals transported into the atmosphere. Further introduction of pollutants to the soil
occurs as a result of agricultural and waste disposal practices, but in general, the most
severe pollution usually arises from industrial and urban used lands (Alloway, 2001).
Old industrial sites are generally characterized by being very heterogeneous, both with
regard to the distribution of pollutants and also to the properties of the soil material that
control the behaviour of these chemicals. In contrast, atmospherically deposited
pollutants tend to be more evenly by distributed with gradual changes in concentration,
which tend to decrease with distance for the source. The upper horizons of the soil are
contaminated to the greatest extent by atmospheric deposition of pollutants (Alloway,

2001).

Soil pollutant sources include the following: heavy metals, hydrocarbon pollutants
such as benzene, toluene, ethylbenzene and xylene; toxic organic micropollutants such as
polycyclic aromatic hydrocarbons, polyheterocyclic hydrocarbons, polychlorinated
biphenyls, polychlorinated dibenzodioxins, polychlorinated dibenzofurans and pesticide
residues and metabolites; nutrient-rich wastes such as sewage sludge and livestock
manures; radionuclides; as well as other industrial chemicals and pathogenic organisms.

Pollutants reach the soil by four main pathways: these include atmospheric deposition of



particulates (washout or dry deposition), sorption of gases (e.g. volatile organic
compounds) from the atmosphere fluvial transport and desorption/sorption from
floodwaters, and placement (agricultural, amendments, dumping, injection, surface
spreading etc). Placement of pollutants can occur in many ways. The most obvious being
the spreading of wastes, such as sewage sludges or metal rich manures from cattle, pigs
or poultry. The spraying of pesticides onto crops and soils is a good example of
placement although they may subsequently be further dispersed into the environment.
Industrially-contaminated land with its associated demolition of old buildings and
manufacturing plants, the redevelopment of sites, leakages of stored chemicals, and
accumulation of wastes provides other examples of the placement of contaminants into

the soil (Alloway, 2001).

Soil pollution gives rise to toxicological problems in humans, livestock, crops and
ecosystems and may also cause damage to structures and services. This can happen
directly through contact with the soil itself or indirectly through soil pollution causing
groundwater to become contaminated and thus giving toxicological and structural
problems (Alloway, 2001). Large areas of soil and groundwater in the northern part of
France are contaminated by trace metals as a result of former or contemporary processing

of metal ions (Godin et al., 1985).

2.3 Water pollution
Water is certainly the most important substance on earth, as it is the medium

through which all life has evolved. The pollution of natural waters by both biological and
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chemical contaminants is a worldwide problem. Only very few areas, whether in
developed or developing countries, do not suffer from some form of water pollution.
Pollution of water directly affects humans through drinking water while the aquatic life
(plants and animals) is also affected. There are well in excess 1500 potential pollutants
discharged to freshwaters (Mason, 2000). Water can b ecome c ontaminated from b oth
natural and anthropogenic sources (Fawell and Stanifield, 2001). All surface waters
contain natural organic matter in the form of humic substances, which are large complex
carbohydrates. The sources of contamination fall into two categories as point and diffuse
sources; industrial or waste discharges being point sources while run-off from
agricultural 1 and and from hard surfaces b eing d iffused s ources (Fawell and S tanfield,
2001). Inorganic contaminants, examples being lead, arsenic, nitrate, aluminum and
fluoride, and organic contaminants such as disinfectant by-products, pesticides, endocrine
disrupters, polycyclic aromatic hydrocarbons and tri- and tetra-chloroethene, are among

some of the most studied water pollutants.

Among the various means of environmental pollution, heavy metals released to
the environment through various sources such as metal smelters, textile, microelectronic,
fertilizer and pesticide manufacturing (Ross, 1994; Prasad and Hagemeyer, 1999) play an
important role. The following sections discuss the different types of pollutants, role of
heavy metals as an environmental pollutant, removal of heavy metal ions from
wastewater as a means of reducing environmental pollution by heavy metals and the use

of chitosan in removing heavy metals from wastewater.
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2.4 Heavy metals

Heavy metals belong to the group of elements described geochemically as trace
elements, because they collectively comprise < 1% of the rock in the earth’s crust
(Alloway, 2 001). These are natural c onstituents o f the earth’s crust and are present in
varying concentrations in all ecosystems. All trace elements are toxic to living organisms
at excessive concentrations, but some are essential for the normal growth and
reproduction by either plants or animals at low, but critical, concentrations. These
elements are referred to as essential trace elements or micronutrients and their deficiency
may lead to diseases and even death of the plant or animal. The essential trace elements
include cobalt (Co; bacteria and animals), chromium (Cr; animals), copper (Cu; plants
and animals), selenium (Se; animals) and zinc (Zn; plants and animals). In addition,
boron (B; plants), chlorine (Cl; plants), iron (Fe; plants and animals), iodine (I; animals)
and silicon (Si; plants and animals probably) are also essential trace elements but are not
dense enough to be classified as heavy metals. Other elements i ncluding silver (Ag),
arsenic (As), barium (Ba), cadmium (Cd), mercury (Hg), titanium (Ti), lead (Pb) and
antimony (Sb) have not been known to exert any essential function, but similar to
essential trace elements cause toxicity when present above a certain tolerance level. The
most important heavy metals with regard to potential hazard and occurrence in

contaminated soils include As, Cd, Cu, Cr, Hg, Pb and Zn (Alloway, 2001).

Heavy m etals are stable and p ersistent e nvironmental ¢c ontaminants s ince m any
cannot be degraded or destroyed. Therefore, they tend to accumulate in soils, seawater,

freshwater, and s ediments. E xcessive 1evels o f metals in the m arine environment ¢ an
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affect marine biota and pose risk to human consumers of seafood. Heavy metals are also
known to have adverse effects on the environment and human health. However for the
sake of human health and that of the natural environment, particular attention must be |
paid to heavy metals that persist in the environment and in the tissue of plants and

animals and which bioaccumulate in the food chain (Harrison, 2001).

2.4.1 Heavy metals in environmental pollution

Heavy metals occur naturally in rocks, soils, sediments and waters, but their
anthropogenic component has increased greatly since the industrial revolution. This
increase has caused serious environmental problems that have affected the food chain and

consequently the organisms, including humans (Forstner, 1990).

2.4.1.1 Heavy metals in the atmosphere

Heavy metals are emitted from traffic and industrial sources into the atmosphere
and spread over wide regions. Although heavy metal deposition has decreased
considerably during the last 20 years in many parts of the world, there are many areas
where the long-term accumulation of heavy metals, often associated with exposure to
sulphur dioxide, has damaged the ecosystem. For instance, there are extensive damage
areas surrounding the metallurgical industry complexes in the Kola Peninsula located in
the NW of Russia. Coniferous trees efficiently filter pollutant particles from the air
(Salemaa er al., 2001). Stand throughfall and plant litter increases the load of heavy
metals and sulphur on the forest floor (Heinrich and Mayer, 1980; Derome and

Nieminess, 1988; Nieminen et al., 1999).
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Potentially toxic metals are emitted to the atmosphere as gases, aerosols and
particles. They are ingested by organisms during respiration in high concentrations in
proximate areas to a source and in lesser concentrations at more distant ones. Emitted
metals are carried to the ecosystem at the earth’s surface via atmospheric deposition.
They enter the food web from the air, mix with soils and sediments and may create a
health hazard. There are natural contributions of metals to the atmosphere from volcanic
eruptions, hot springs and wildfires. These come in bursts and cause temporal distortion
in atmospheric contents of potentially toxic elements that are then dispersed and diluted.
Volatile e lements such as mercury are emitted to the atmosphere n aturally from s oils,

buried mineral deposits or subsurface rocks with high mercury contents (Siegel, 2002).

By far the major anthropogenic loading of metals in the atmosphere is from coal
and oil-burning electrical power plants as well as from coal, oil and wood used in home
heating and from sulphur smelting operations. For example, Pirrone et al. (1996)
estimated that 40% of the mercury in the atrnosphere over the former USSR originated
from coal combustion. The masses of metals emitted to the atmosphere from these

sources are enormous (Siegel, 2002).

Potentially toxic metals from atmospheric deposition on a land surface are
integrated with soil. T hey can become part o fthe recharge to aquifers or runoffinto
surface water. Depending on an element’s mobility in soils and vegetation, the capacity

to accumulate one or more metals or discriminate against their uptake, potentially toxic
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metals can access the food/water web. In addition, once in soils or associated waters the

metals may be moved by erosion and in solution to fluvial systems (Siegal, 2002).

2.4.1.2 Heavy metals in soil

Soil provides the nutrient-bearing environment that sustains plant growth.
Essential nutrient metals and other metals in food crops are translocated through soil into
the food web. Natural contents of potentially toxic elements in soils are generally low
unless the soil developed from rock with high contents of one or more elements to from
ore-bearing rock metal in soils that may be greatly enhanced by human activities (Siegel,

2002).

Although metals such as copper, nickel and zinc are essential nutrients for living
organisms (Alloway, 1995), they may be toxic at higher concentrations. Metal content in
soil is determined by the nature of the parent material and by inputs of metals from
sources such as sewage sludge, mining, smelting impurities in agricultural and
horticultural materials, and fossil fuel combustion. Atmospheric deposition
contamination arises where sewage sludge, metal-containing pesticides or fertilizers are
used extensively. Owing to its relatively high concentration of metals, sewage sludge is a
major potential source of metals in agricultural soils to which it is applied to improve
fertility (Smith ef al., 1989) and physical conditions (Pagliai et al., 1981). Coniferous
forests are effective for trapping heavy metal aerosols because of the high adsorption
surface area that their canopies present for interception (Lindberg and Tumer, 1988).

The humus layer of coniferous forest soils has often been found to be effective in
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retaining heavy metals, particularly lead and copper (Tyler, 1978; Bergkvist, 1987,
Derome and Nieminen, 1988; Bergkvist et al., 1989). Zinc, being less strongly adsorbed
by organic matter, and a plant nutrient subject to uptake and cycling, tends to show a
weak depth-gradient in the soil and correlation with deposition (Anderson ez al., 1991).
Heavy metals are often associated with accessory minerals in acidic igneous rocks which

dominate in the boreal zone (Koljonen, 1992).

High levels of metals are usually found in superficial soils and vegetation in areas
affected by mining activities, metal factories and traffic emissions. Accurate
measurements of the total metal contents in polluted soils are required to assess the
potential risk of these areas; however, only soluble, exchangable and chelated metal
species in the soils are the labile fractions available for plants (Kabata-Pendias, 1993).
Heavy metal uptake by plants in contaminated soils has been extensively studied.
However, in some cases the variability of soils and plants has prevented the obtaining of
a direct relationship between the total metal concentration in the soil and plants (Voutsa
et al., 1996; Shallari et al., 1998). Contaminated soils become a secondary
environmental danger in two respects: (1) contamination of crops and vegetables which
are particularly important when soils are used for agriculture or gardening; and (2)

contamination of drained water by metal migration in gravitational waters (Denaix et al.,

2001).

Many c ountries h ave e stablished guidelines 1imiting the 1 oading o f p otentially

toxic elements to soils (Sheppard er al., 1992). Potentially toxic elements can be
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classified into elements posing a threat mainly to human health (e.g. cadmium, lead and
mercury) and those mainly of concern as phytotoxins (e.g. boron, copper, nickel and
zinc) (Alloway, 1995). Intake of food is a potential human exposure pathway particularly

where much food is locally sourced or home grown on contaminated soils

(Webber,1992).

2.4.1.3 Heavy metals in water

Natural waters in streams and rivers, ponds and lakes, and aquifers and springs
have a chemical element content that reflects the chemistry of rocks through or o