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Abstract

Heavy metal pollution and waste management are two major environmental problems
faced in the world today. Anthropogenic sources of heavy metals, especially effluent from
industries, are serious environmental and health concerns by polluting surface and ground
waters. Similarly, on a global scale, thousands of tonnes of industrial and agricultural
waste are discarded into the environment annually. There are several conventional
methods to treat industrial effluents, including reverse osmosis, oxidation, filtration,
flotation, chemical precipitation, ion exchange resins and adsorption. Among them,
adsorption and ion exchange are known to be effective mechanisms for removing heavy
metal pollution, especially if low-cost materials can be used.

This thesis was a study into materials that can be used to remove heavy metals from water
using low-cost feedstock materials. The synthesis of low-cost composite matrices from
agricultural and industrial by-products and low-cost organic and mineral sources was
carried out. The feedstock materials being considered include chitosan (generated from
industrial seafood waste), coir fibre (an agricultural by-product), spent coffee grounds (a
by-product from coffee machines), hydroxyapatite (from bovine bone), and naturally
sourced aluminosilicate minerals such as zeolite.

The novel composite adsorbents were prepared using commercially sourced HAp and
bovine sourced HAp, with two types of adsorbents being synthesized, including two- and
three-component composites. Standard synthetic methods such as precipitation were
developed to synthesize these materials, followed by characterization of their structural,
physical, and chemical properties (by using FTIR, TGA, SEM, EDX and XRD).

The synthesized materials were then evaluated for their ability to remove metal ions from
solutions of heavy metals using single-metal ion type and two-metal ion type solution
systems, using the model ion solutions, with quantification of their removal efficiency. It
was followed by experimentation using the synthesized adsorbents for metal ion removal
in complex systems such as an industrial input stream solution system obtained from a
local timber treatment company.

Two-component composites were considered as control composites to compare the
removal efficiency of the three-component composites against. The heavy metal removal
experiments were conducted under a range of experimental conditions (e.g., pH, sorbent

dose, initial metal ion concentration, time of contact). Of the four metal ion systems



considered in this study (Cd?*, Pb?*, Cu* and Cr as chromate ions), Pb?* ion removal by
the composites was found to be the highest in single-metal and two-metal ion type
solution systems, while chromate ion removal was found to be the lowest. The bovine
bone-based hydroxyapatite (0HAp) composites were more efficient at removing the metal
cations than composites formed from a commercially sourced hydroxyapatite (CHAp).

In industrial input stream solution systems (containing Cu, Cr and As), the Cu?* ion
removal was the highest, which aligned with the observations recorded in the single and
two-metal ion type solution systems. Arsenate ion was removed to a higher extent than
chromate ion using the three-component composites, while the removal of chromate ion
was found to be higher than arsenate ion when using the two-component composites (i.e.,
the control system).

The project also aimed to elucidate the removal mechanisms of these synthesized
composite materials by using appropriate adsorption and kinetic models. The adsorption
of metal ions exhibited a range of adsorption behaviours as both the models (Langmuir
and Freundlich) were found to fit most of the data recorded in different adsorption
systems studied. The pseudo-second-order model was found to be the best fitted to
describe the kinetics of heavy metal ion adsorption in all the composite adsorbent systems
studied, in single-metal ion type and two-metal ion type solution systems. The ion-
exchange mechanism was considered as one of the dominant mechanisms for the removal
of cations (in single-metal and two-metal ion type solution systems) and arsenate ions (in
industrial input stream solution systems) along with other adsorption mechanisms. In
contrast, electrostatic attractions were considered to be the dominant mechanism of

removal for chromate ions.
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Chapter 1

Introduction

The general theme of the research described in this thesis is the development of novel
composite matrices for treating water through the removal by adsorption of metal ions and
specifically heavy metal ions such as lead or cadmium and others. The function of this
introductory chapter is to include the background of the research undertaken to explain the
research problem (i.e., heavy metal pollution in water). Secondly, it discusses conventional
methods targeted at solving that problem (i.e., the removal of heavy metals) that have been
in use for several years and describes the use of adsorption materials based on low-cost
composite matrices from waste materials for heavy metal removal. It identifies some
research gaps relating to possible composite matrix combinations valuable to achieving
water treatment by adsorptive removal of metal ions. Further, it describes some of the well-
known adsorption and kinetic models which are extensively used to describe the
mechanism of heavy metal removal and estimate the maximum adsorption capacity of such
adsorption systems and finally concludes by describing the aim of the research embodied

in this thesis and the selection of materials studied in light of these aims.

1.1 Water and water pollution as an environmental issue

Human society development shows that access to good, clean water is one of life's
necessities. As our global population grows, there is international concern regarding the
availability of clean water. The cleanliness of water supplies, as contamination of
waterways (primarily through anthropomorphic activities and natural ones), becomes a
matter of survival for society as the global population grows?. In the last century, water use
increased globally at a rate of more than twice the population increase. Currently, it is
estimated that approximately 1.1 billion people have no access to clean water worldwide,
while about 2.7 billion people face water scarcity for at least one month of the year. It has
been estimated that two-thirds of the world's population may face water shortages by 2025,
and the impacts of this shortage could be even worse for ecosystems? (Worldwide Fund,
WWEF). As an example of the effect of rapidly rising populations, the urban population of
Asia and the Pacific region more than doubled between 1950 and 2000, creating a massive
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demand for new and improved wastewater treatment systems. As of 2009, 30% of this
region's urban population were reported to live in slums, with over half of the regional rural
residents lacking access to adequate sanitation, compared to 25% of urban residents. In
addition to the water demand from the agricultural sector, which is currently responsible
for 70% of water extraction worldwide, significant water demand increases are predicted
shortly, particularly in industry and energy production®.

Many pollutants can make their way into essential water bodies and deteriorate drinking
water quality*. One of the most persistent water contaminants of concern is heavy metals®.
"Heavy metal™ is a term that refers to elements of relatively higher atomic densities among
metals that have toxic effects even at low concentrations®. A group of elements (metals and
metalloids) having a density of more than 4 g cm™ i.e. with densities at least five times
greater than water, are generally referred to as "heavy metals"’. In wastewater, the metals
commonly found include cadmium, arsenic, lead, chromium, nickel, mercury, zinc, silver,
and copper. A significant challenge of water purification processes is the presence of these
heavy metals in excessive quantities, making it difficult to clean water to an acceptable
level. Heavy metals originate from the earth's crust and are persistent contaminants in the
environment due to their non-degradative properties. Bioaccumulation of heavy metals in
any living body occurs in tiny quantities of soil, water, and food over a long period®®. It
can lead to serious consequences if these heavy metals exceed the permissible limits

required to maintain the environment safe.

1.2 Sources of heavy metal pollution

Two primary sources of heavy metal contamination are described, including 1) natural and
2) anthropogenic sources. In anthropogenic sources, mining is considered the primary
source of heavy metal emissions into the environment®!!. Heavy metal pollution can be
prevalent in areas with excessive mining operations, and this pollution decreases with
distance from the mining sites*2. Acid mine drainage (AMD) is a phenomenon that
generally happens in certain areas due to mining activities and geochemical processes. The
AMD can produce metal ions, acidity, or a concentration of sulphate ions in the water body
concerned®®. The leaching of heavy metals from soil makes its way into streams through
acidified water sources, facilitating the dissolution of heavy metals into their ions. These

heavy metals can be converted into organometallic forms such as mono-methylmercury or



dimethyl-cadmium by bacterial action. Toxicity and non-biodegradability are the two
significant characteristics of heavy metals, making them persistent in wastewater'4. The
major sources of heavy metals in the environment include volcanic eruptions, erosion,
aerosols, and urban runoff. Dangerous heavy metal impacts from volcanic activity on the
environment, climate and human health have also been reported. Volcanic eruptions can
cause rapid deterioration of social and environmental conditions. The activity can release
different air pollutants (e.g., hydrogen sulphide, carbon monoxide, carbon dioxide, sulphur
dioxide), organic compounds (e.g., volatile halogenated compounds), and heavy metals
(gold, lead, and mercury). The quality of water is hence affected adversely due to this
sudden infusion of heavy metals. Volcanic rock erosion represents a critical source of
heavy metal pollution in soil and water. This natural contamination can be an unavoidable
source of heavy metals in the environment, with the metals making their way into natural
waterways®®, where they accumulate and persist for very long periods and become
distributed.

The metals commonly found in the environment (soil and water mainly) include cadmium,
arsenic, lead, chromium, nickel, mercury, zinc, silver, and copper. It is crucial to treat
industrial effluents before they can enter any water body from which potable water is
extracted (i.e., lake, river or groundwater) or where aquatic life thrives. The contamination
can be the leading cause of severe waterborne diseases, and medical problems like
accelerated cancers of the kidney and liver can lead to organ failure®. Additionally,
recycled and treated wastewater could be considered a potential water source for industrial
and agricultural activities. A significant challenge of water purification processes is when
these heavy metals in water are high, making them difficult to clean to the extent of
providing potable water. This research focuses on removal strategies (in the form of
materials) of some of the major heavy metals which can cause severe environmental
damage from their excessive intrusion into the water bodies (such as rivers and lakes). The

following section discusses the heavy metal ions targeted in this research project.

1.3 Major heavy metals included in this research and their sources

1.3.1 Arsenic (As)

Arsenic (As), a metalloid, and its inorganic compounds are highly poisonous and are

classified as a Group 1 carcinogenic by the International Agency for Research on Cancer.



They hence pose a serious health concern for humans'’. Chronic exposure to As present in
drinking water may cause arsenicosis. Worldwide, a total of about 130 million people in
different countries of the world, such as India (40 million), Bangladesh (>30 million
exposed people), the United States (2.5 million) and China (1.5 million), are exposed to
concentrations > 50 pg L* of this element®®. Arsenic is a developmental neurotoxicant that
affects brain functioning such as IQ and memory in adults and children'®?°, In New
Zealand, arsenic is also widespread in terrestrial and aquatic environments sourced by
geochemical activities. In the Taupo volcanic zone (TVZ) in the North Island of New
Zealand, some lakes and rivers contain As at levels exceeding the World Health
Organisation (WHO)-permissible limit of 0.01 mg L. Arsenic is abundant in all
geothermal areas and waterways of the TVZ, which extends from Mt Ruapehu to White
Island in the North Island of New Zealand?!. In the Waikato river, the longest river in New
Zealand, arsenic levels mostly exceed the WHO limit recommended for drinking water,
i.e. > 0.01 mg Lt 2 In Pakistan, the Punjab and Sindh provinces also have water
contaminated with more than 50 pg L™ in 3% and 16% of their respective natural water
resources®’. Mineral dissolution, desorption occurring via redox chemistry and
geothermally influenced groundwater are the significant sources of arsenic contamination
in affected waterways?2. The timber industry is another primary source of As because it is
used as a timber preservative in a so-named copper-chromium-arsenate (CCA) cocktail?.
The wastewaters generated in this industry have high As concentrations that require
treatment costs before discharge into the environment. Otherwise, it can contaminate the
water bodies if the effluents are discharged without proper treatment. Coal ash disposal
sites and the mining industry are also sources of contamination in New Zealand, albeit to

a lesser extent?*2°,

1.3.2 Cadmium (Cd)

Cadmium (Cd) is another heavy metal of concern because of its toxicity which destroys
red blood cells in the body, causes bone fractures, renal disorders, high blood pressure and
kidney damage?®. Major cadmium sources include mining and electroplating industries,
phosphate fertilizers, batteries, stabilizers, pigments and alloys?’. In New Zealand, the main
point of concern regarding cadmium contamination emanates from fertilisers imported
from overseas, which are applied to soil for augmenting pasture growth. The average
cadmium content in phosphate fertilizers is estimated to be 180 mg Cd kg™ P from 2001 to
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2005 in New Zealand. This has led to an accumulation of Cd in the soils of New Zealand,
which makes it a matter of national concern with respect to possible food contamination
that may breach food standards in New Zealand and overseas?®. A significant amount of
bioavailable Cd has been reported in the Waikato region due to the typically acidic nature
of Waikato soils. For instance, in topsoil, the maximum net accumulation rate of Cd was
reported® to be 18.3 g kgt yr* while the net average accumulation rate of Cd was
recorded to be 9.0 ng kg yrt. In New Zealand pastoral soils, the mean concentration of
Cd was reported as 0.43 mg kg™ which is more than twice the natural background levels
of 0.16 mg kg* %,

Regarding waterway contamination, soil leaching is a possible way for cadmium to enter
water bodies by washing out from the surface of the soil, posing a potential health risk. For
the reduction of applied cadmium into the soil by superphosphate application,
agriculturalists voluntarily limit the amount of fertiliser application so that the net amount
of Cd is 280 mg Cd kg™ P. It is estimated that superphosphate application accounts for an
average of 8.3 tonnes of cadmium applied annually according to a report prepared by the
Waikato Regional Council (New Zealand) in 2005 on cadmium contamination of
agricultural soils of the region. As stated, this can eventually enter the water supply; hence
there is an urgent need to determine ways of removing this potentially toxic element from
the water. This could be achieved by subjecting any potentially contaminated water to

suitable water treatment matrices.

1.3.3 Lead (Pb)

Lead (Pb) is a globally well-known toxic material that is extensively distributed and
mobilized in soil and water. Although a non-essential element, its exposure and uptake in
the human body have increased, causing serious health concerns. Anthropogenic sources
primarily cause lead dispersion in the environment, including mining and smelting of ores,
lead-containing products, coal and oil combustion, and incineration of waste. In the past,
Pb-containing antiknock additives in petrol sold in New Zealand also contributed to
environmental pollution from this element. Rain removes the lead present in the air in the
form of particles that settle down gravitationally on the upper layer of soils. Natural sources
such as windblown dust, volcanic activity and erosion can also contribute minor additions
of lead to the environment. Mining and smelting of lead ores are the primary industrial
sources of lead in the environment globally. Air is polluted by lead when the flue gases of
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electrical utilities are emitted. For instance, a lignite fuel having 4.2x10** pounds of lead/ton
of coal can emit about 420 pounds of lead when a million pounds of lignite coal is burned®..
Agquatic pollution of lead is reported from lead production and processing and from iron
and steel industries which emit lead into the air*?. Atmospheric depositions bring this Pb
to land, and urban runoff pollutes the water bodies. Lead poisoning can cause renal diseases,
reproductive toxicity and neurological disorders®. In growing children, Pb was found
responsible for preventing the absorption of iron, calcium, and zinc minerals into the blood,
which are necessary minerals for developing nerve and brain function. The existence of
violent behaviour in criminals has been linked to childhood lead exposure by medical
researchers®®. Several studies link attention deficit hyperactivity disorder (ADHD),
aggression, delinquency, and destructive and criminal behaviour with elevated bone or
blood lead levels*#*>%. Its removal from water bodies destined for human ingestion or that

involved in hosting or producing food for animal or human consumption is hence vital.

1.3.4 Chromium (Cr)

Chromium (Cr) is a transition element and a heavy metal used extensively in industry.
Metallic chromium is used to make steel, while its ionic forms Cr (111) and Cr (V1) are used
in wood preservation, dyes and pigments, chrome plating and leather tanning. Among these
forms, Cr (V1) is regarded as the most toxic form because of its carcinogenicity®. In New
Zealand, leather is the seventh-largest industry in the country. Tanning is an essential part
of leather processing. Yearly, about 2.5 million lambskins are tanned. Chemical processing
in the leather industry uses water as a primary solvent, which adds chromium to wastewater
outputs from the leather industry.

Most wastewater generated by tanneries is discharged into sewerage systems treated with
other domestic water inputs. Chromium is challenging to treat in wastewater streams due
to the many organic and inorganic pollutants that can interfere with the removal agents or
surfaces to reduce extraction efficiency. Furthermore, chromium is undesirable in sewerage
inputs because it is toxic to the microbes used to treat sewage. The other drawback of Cr
in sewerage water is its conversion into chromium oxide compounds at neutral pH, which
precipitate out and become part of the sewage sludge. Its presence in sludge makes it
undesirable for using this waste product as an applied agricultural fertiliser. Hence, there
is a need to treat industrial effluent for Cr removal before allowing it to enter sewerage

systems®,



1.3.5 Copper (Cu)

Copper (Cu) is a heavy metal of group IB in the periodic table with an atomic number 29
and a density of 8.96 g cm™. It is soft and malleable and has high electrical and thermal
conductivity®. It takes part in several physiological processes in plants growth, including
photosynthesis, oxidation, and cell wall metabolism. In plants, high Cu levels can lead to
Cu toxicity, causing DNA and enzyme malfunctions, resulting in growth inhibition®. In
humans, it is an essential micronutrient necessary for the growth of connective tissues and
iron metabolism (Fe). Chronic Cu toxicity in humans can cause liver damage, while acute
intoxication can lead to gastrointestinal problems®,

High concentrations of Cu in the environment are harmful to organisms. It enters the
environment through natural and anthropogenic sources. Natural sources of Cu pollution
include volcanoes, forest fires, windblown dust, and vegetation decomposition.
Anthropogenic sources involve Cu mining, domestic wastewater, fertilizer, and other
industries such as batteries, pigments, and paint, which use Cu and Cu products. About
939,000 metric tonnes of Cu have been released into the environment in the past decades®.
Cu enters the aquatic system through mine fly ash disposal, industrial wastewater and solid
and municipal waste disposal**. Copper pollution in the soil is a secondary source of Cu in
water bodies added via stormwater. The contaminated soil and water can cause Cu toxicity
in plants and ultimately in humans if it exceeds a permissible limit in water and edible
plants. It is crucial to control Cu pollution by treating wastewater before its disposal in
water bodies. The above-mentioned heavy metals were selected as candidate metal ions in
this research in which adsorption systems made from low-cost composites synthesised in
this study were designed for their removal from aqueous solutions.

For the removal of metal ions, several conventional methods have been used, which are

described in the following section.

1.4 Wastewater treatment and conventional heavy metal removal

methods

Due to growing populations and the scarcity of potable water, there is a growing
recognition that wastewater needs to be used as a water resource for different sectors.
However, an estimated 80-90% of all wastewaters produced in the Asia and Pacific region

are released untreated, polluting ground and surface water resources and coastal



ecosystems. A shift to using treated wastewater in different sectors, such as agriculture, is
a growing trend*, so there is a need to find out sustainable ways by using appropriate
environmental technologies for treating wastewater for its potential reuse in such sectors.
Many conventional and novel treatments are being applied to remove heavy metals,
including coagulation, chemical precipitation, adsorption, ion exchange, complexation,

electro-deposition, and membrane operations.

Coagulation and flocculation may be simple methods to use superficially. Still, the major
drawbacks include the use of excess materials and toxic solid waste generation, which are
challenging to handle and not appropriate to dispose of in the environment. Electro-
deposition represents a somewhat unfavourable method due to the need to use electricity,
making it very costly for water treatment.

lon exchange is an effective technique to remove heavy metal ions as it uses low-cost
materials to prepare ion-exchange chambers. Still, its success in use is critically dependent
on pH, which is a drawback for the technique?®.

Chemical precipitation involves using hydroxides or limes to coagulate and flocculate the
dissolved pollutant. It requires adjusting the water media to specific pH values depending
on the metal ions precipitated from the water?’.

Biologically based techniques such as the use of microorganisms for the removal of heavy
metals also exist. Activated sludge, trickling filters, stabilization ponds, and lagoons are
commonly used biological methods to treat industrial water, constituting relatively cheap
removal methods and slow and inefficient ones. Adsorption is found the most appropriate
due to simple operational procedures and low cost*.

Among the existing treatment methods for wastewater treatment, particularly for heavy
metal ions removal, adsorption is considered the most efficient, environmentally
sustainable, economically feasible, and simple method®. In particular, the use of low-cost
materials from the industrial and agricultural by-products, which are discarded into the
environment, provides a promising source to synthesise low-cost adsorption systems for
removing heavy metal ions from aquatic systems. Among these low-cost materials, several
agricultural by-products such as rice straw and husk, maize cob, wheat straw, coconut fibre,
and coconut pith have been successfully employed for heavy metal ions removal.
Lignocellulosic (such as coir fibre and spent coffee grinds (SCGs) and biopolymeric

materials (such as the chitosan) have also been employed and showed good potential for



heavy metal removal, as the constitutional functional groups of these materials, which
include amidic, alcoholic, carbonyl, phenolic, and amino moieties possess high affinities
for heavy metal ion immobilisation by chemical complexation*®. The mechanisms of
metal-complex formation by such functional groups present in the selected materials will

be discussed in section 1.6.

1.4.1 Adsorption- as a promising wastewater treatment method

Adsorption is defined generally as the surface phenomenon in which adsorbate molecules
are accumulated via binding to the surface of an adsorbent. The adsorption process can be
explained by the chemisorption of adsorbate molecules using simple equations®. In 1918,
Langmuir explained chemisorption by demonstrating the adsorption process of adsorbate
on a surface with a limited number of adsorption sites (S). The bare sites (So) could be
given as:

So=S-Si (1-1)

In equation 1-1, Sy is given as the sites occupied by the adsorbate molecules. Adsorption
equilibrium is a dynamic state when the rate of adsorption is equal to the rate of desorption.
The adsorption rate is non-activated and proportional to the frequency of the collisions
between the adsorbate molecules and bare sites, and this collision frequency is proportional
to the pressure P, so the rate of adsorption could be taken as follows:

Rate of adsorption = koPSo = k2P (S- Sy) (1-2)

While the rate of desorption is proportional to the S1 (humber of occupied sites):

Rate of desorption = k1S: (1-3)

By taking the two rates to be equal, from equations 1-2 & 1-3, and then solving for Sy, the

following equation 1-4 is obtained:
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In equation 1-4, the fraction of surface coverage is equal to 0, and the ko/ki1 equals b. The

limiting value (vm) corresponds to 6 =1, which means the v/ vm would be equal to 0, so the

equation 1-4 could be re-written as follows:
Vi bP
1+ bP

V= (1-5)

Equation 1-5 is known as the Langmuir isotherm model. It will be covered further in
upcoming sections regarding the adsorption of heavy metal ions on solid-phase adsorbents
from aqueous solutions (in section 1.7).

The rate of adsorption can be slow, depending upon the temperature. It could be increased
by increasing the temperature, which indicates activation energy for the adsorption process.
So, the adsorption would not be reversible in some cases. The better-performed adsorption
systems exhibit a rapid adsorption process, and there will always be an equilibrium amount
of adsorption for each adsorbate pressure. The adsorption isotherm is plotted as the amount
of adsorbate adsorbed (denoted by v) versus the pressure. In a normal adsorption process,
the adsorbed amount of adsorbate (v) increases with increasing the pressure of gas
molecules (or concentration of metal ions) and approaches a limiting value vm, While
decreasing by increasing the temperature but keeping the pressure constant®.

The nature of interaction or bonding between the adsorbate (i.e. the metal ions) and the
adsorbent (the substrate on which the adsorption would occur) depends upon the type of
the species (adsorbate and adsorbent) involved in the adsorption process®!. Broadly, the
adsorption mechanisms are described as physisorption (physical adsorption) and
chemisorption (chemical adsorption).

Physical adsorption is described as a non-specific binding process that does not involve
specific functional groups in the adsorption of molecules on the adsorbent surface. It is
reversible in nature due to the weak interactions (Van der Waals forces) involved. The Van
der Waals forces are weak electric forces that allow the molecules of adsorbate and
adsorbent to adhere to each other. When the adsorption cannot be explained by electrostatic
or chemical interaction, it is classified as physisorption by these weak forces®?. Hydrogen
bonding could also be involved in the weak interaction of physisorption®3.

Chemical adsorption (chemisorption) is irreversible and very specific and describes a

chemical interaction between the adsorbate and adsorbent molecules in terms of new bond
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formation®. In contrast with physical adsorption, chemisorption involves (stronger)
chemical interactions (or valence forces) by forming new bonds (e.g. covalent bonds)
between the sorbate and sorbent molecules, which take part in the process of adsorption®.
Generally, the adsorption is characterised as chemisorption when the activation energy is
more than 20-30 kJ mol . Metal-complexation (also termed metal-chelation) is described
as a well-known mechanism for the removal of heavy metals and can also be classified as
chemisorption. The detailed mechanism of metal-complexation is described in the
upcoming section (1.6.2). The functional groups of lignocellulosic and biopolymeric
adsorbents are reported to adsorb heavy metals by this mechanism.

lon exchange (adsorption) on the surface of adsorbents is also included as a principal
mechanism along with chemisorption for metal ion removal. The ion-exchange mechanism
is described for the adsorption process, especially when involving the exchange between
metal ions in aqueous solutions with ions present on the surface of inorganic adsorbents
(minerals). lon exchange is a reversible phenomenon (but not physical adsorption), which
involves electrostatic interactions and could be stated as electrostatic adsorption®. lon-
exchange mechanisms can involve both cation and anion-exchange®®. For instance, the ion-
exchange mechanism is extensively reported for Pb?* (a cation) which can exchange with
the Ca?* ions of HAp when HAp is used as an adsorbent for the removal of metal cations
from aqueous solutions.

Similarly, arsenate (AsO4%) is a water pollutant that is also removable by an ion-exchange
mechanism by exchange with phosphate anions (PO.*) present in hydroxyapatites.
Potential adsorbents used for the removal of heavy metal ions are selected based on their
potential to participate in the above-mentioned adsorption mechanisms.

Several characteristics of adsorbents make them valuable for applying heavy metal ions

removal and are described as follows.

1.4.2 Characteristics of model adsorbents for the removal of heavy metal ions

from the aqueous solutions

Adsorption using low-cost adsorbents is a sustainable solution for heavy metal removal.
When using adsorption as an option for the removal of heavy metal ions from wastewater,
the ideal adsorbent should have the following characteristics, namely:

e High adsorption capacity and large surface area
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e Compatibility and mechanical stability
e High selectivity

e Cost-effectiveness and environmental friendliness

Adsorption capacity (or loading) is the amount of adsorbate taken up by the adsorbent per
unit mass (or volume) of the adsorbent. It generally depends upon the nature of the
adsorbent used or surface areas of the adsorbent®’. For example, activated carbons are
known to be materials that possess large adsorption capacities for treating wastewater due
to their high surface area®®.

The surface area of the adsorbent is an important parameter to consider in studying this
process, as adsorption is a process that depends on the surface area available. Highly porous
engineered adsorbent materials generally have a surface area ranging from 102 to 10° m?/g
59, The surface area of an adsorbent influences adsorption capacity in that an adsorbent
with a high surface area should have a higher adsorption capacity®®¢:.

The mechanical stability and compatibility of adsorbents to apply in wastewater treatment
systems is also a critical factor to consider. Wastewater treatment systems are complex and
diverse because they contain various pollutants and are subject to variable environmental
conditions. For instance, the pH values and temperature of the wastewater system could
affect the adsorbents by dissolving them and ultimately affecting their removal efficiencies.
The compatibility and stability of the material could be regulated by pre-treatment of the
wastewater (by adjusting the pH or temperature) or by modification of the adsorbent
materials, which could also assist in increasing the applicability of the potential material to
water treatment systems. For this, the combinations of more than one material have been
studied to improve the applicability of materials in wastewater treatment. For instance,
hydroxyapatite has been used to make composites with chitosan and cellulosic materials to
increase the removal efficiency of these materials®?. Alternatively, the addition of chitosan
to HAp in the form of a composite increases its applicability in fixed bed column systems
where the powdered HAp causes pressure drops due to the high packing density of
powdered material®®.

High selectivity is an important feature of the adsorbent for it to be an efficient removal
agent of metal ions from the wastewater treatment systems. The presence of other chemical
species (metal ions) could affect the adsorption of targeted metal ions. For instance, the

removal of targeted cations such as Pb?* and Cd?* could be compromised by the presence
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of other positive ions such as protons H*, Na* and Mg?* which could occupy the binding
sites on the adsorbent surface and so decrease the removal efficiency of the adsorbents for
the targeted metal ions®,

Materials with ion-exchange abilities (e.g., HAp and zeolites) could favour cations (e.g.,
Pb?*) adsorption. Lignocellulosic materials such as coir fibre and spent coffee grounds
could be considered for the availability of negatively charged functional groups such as
carboxyl and hydroxyl groups. Additionally, the HAp could be used in a composite with
these materials to provide an additional removal mechanism (i.e., that of ion exchange)
along with the electrostatic interactions and complexation. In this way, the removal ability
of the lignocellulosic composite materials could be enhanced by adding the HAp to provide
binding sites for ion exchange, particularly for cation removal.

Cost-effectiveness and environmental friendliness of materials are the most critical factors
for selecting adsorbent materials for the adsorption of heavy metals ions. The cost of the
raw materials and design of water treatment systems should be at a minimum to run an
economically feasible water treatment system. For this purpose, agricultural and industrial
by-products could be considered a potential resource for making adsorbents. The by-
products could be selected by doing the literature review and by selecting the materials
constituted with the functional groups that could participate in the aforementioned
mechanisms (see section 1.4.1) for the effective adsorption of heavy metal ions.

1.4.3 Selection of candidate materials for synthesising the adsorbents for the

heavy metal ions removal from aqueous solution

For this project, the raw materials chosen for synthesising adsorbents for heavy metal ion
removal were selected after extensive literature research (summarised in section 1.5). The
characteristics of the ideal adsorbents (section 1.4.2) were focused on selecting the
materials for the synthesis of adsorbents. It was confirmed that the chemical composition
of the selected raw materials effectively removes the heavy metal ions from the aqueous
solution, as supported by literature studies. The materials which were selected include:

. Hydroxyapatite

. Chitosan

. Coir Fibre

. Spent coffee grounds (SCGs)
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o Zeolite

The detailed literature review that provides the rationale for the selection of these materials
is presented in section 1.5. Generally, all the materials represent potentially very low-cost
matrices as most of them (i.e., chitosan, coir fibre and spent coffee grounds) are generated
in excess as industrial or agricultural by-products. Similarly, zeolite is an aluminosilicate
mineral that is plentiful in New Zealand. Hydroxyapatite is also an abundant calcium
phosphate mineral that could be synthesised chemically or able to be sourced from
mammalian bones (by-products of the meat industry).

Apart from the low cost of these materials, all of these materials can potentially remove
heavy metal ions from aqueous solutions. The composition of these candidate materials
(studied and confirmed by their detailed characterisation described in section 1.5) means
they can act as effective adsorbents.

Generally, the hydroxyl groups (in all selected materials), amino and acetamide (chitosan),
carboxy! (coir fibre), and phenolic groups (SCGs) can form metal-ligand complexes with
the metal cations. Similarly, the cations of HAp and zeolite (Ca*" Na*, K* and Mg?*) can
ion-exchange with the heavy metal cations (Pb>* Cu?* and Cd?*) found in aqueous solutions.
Additionally, the phosphate groups of the hydroxyapatite could be potential sites for the
anion exchange for arsenate ion due to their chemical similarity.

Most of the literature studies (discussed in section 1.5) concerning heavy metal ion removal
discuss the combination of different materials into composite matrices to improve the metal
ion removal efficiencies and increase the applicability of the materials in the water

treatment systems.

1.4.4 Composite matrices to remove heavy metal ions from aqueous solutions

Composites: A composite is defined as a combined matrix of two or more materials with a
unique set of properties. All the constitutional components of the composite matrix retain
their fundamental characters while being a part of the composite. Composites are also
explained as being heterogeneous multi-phase materials, which could be considered
homogenous materials on a microscopic level due to the exhibition of similar physical
properties®®®7,

In composites, one or more discrete phases (usually more complex materials such as fibres)

are embedded in a continuous phase to obtain a superior material (a composite) than its
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constituent material in terms of properties. The material that forms the continuous phase of
the composite is present in a higher quantity and termed "matrix™. The discrete phase is
used to reinforce the composite material to improve its mechanical properties and is usually
made up of fibrous material consisting of lignin, pectin and cellulose or biopolymeric

materials.

1.45 The low-cost candidate material to synthesise composites for heavy

metal ions removal

The stability and cost of material synthesis are challenges in the rapidly growing composite
materials market, especially in wastewater treatment. So, achieving minimum cost to
synthesise the composite systems for the effective removal of the metal ions was one of the
most fundamental aims of this study, as described earlier. For this, biocomposites, using at
least one bio-sourced material from an agricultural or industrial by-product, were selected
to synthesise the adsorbent systems. The low cost of the materials was justified as they
were bio-sourced materials, which originate from agricultural or industrial by-products,
and are produced in bulk, which ultimately lowers their cost.

Additionally, most of the candidate materials selected for this study (such as chitosan, coir
fibre and SCGs are normally regarded as discarded by-products; however, their
employment in water treatment systems renders them beneficial. The double-fold benefit
is achieved by employing these materials as safe disposal or discarding of these materials
traditionally requires an additional cost which could then be avoided or minimised as a
consequence. The effective management of the selected industrial and agricultural by-
products could be one potentially beneficial side goal of this study, which is ultimately
associated with their fundamental role in removing heavy metal ions from aqueous systems.
The naturally sourced materials (e.g., zeolite minerals, which also justify the low cost, as
they are available in bulk quantities due to local availability) and easy availability of
agricultural and industrial by-products such as the CF and SCGs, make them attractive for
composite preparation in heavy metal removal. Another source material is the
biopolymeric polysaccharides studied widely for synthesizing adsorbents®, which explains
why chitosan was selected for this study.

15



1.4.6 Supporting literature to justify the addition of a third component into
the CH/HAp composites

As mentioned above in the definition of composites, the discrete phase of the composite
could include more than one material to add into the continuous phase. A third component
added into the CH/HAp composite as additional material with chitosan (discrete phase) to
enforce the continuous phase (HAp) was considered in this study. It was hypothesized that
the addition of the third component could provide additional mechanical strength as the
lignocellulosic materials (e.g., CF and SCGs) were considered to provide mechanical
strength to the chitosan and HAp. Moreover, it was assumed that the addition of the third
component could also enhance the removal efficiency of the CH/HAp composites. For
instance, the zeolites were selected to add into the CH/HAp composites by assuming that
the zeolites would provide the additional binding sites for the ion exchange of metal cations
as literature studies into the ion-exchange abilities of the zeolites are well established.
These hypotheses were based on the literature review (discussed in section 1.5), while the
summary is given below.

Chitosan is one of the most widely used polysaccharides in water treatment due to its
relatively greater natural abundance, biodegradability and non-toxicity (details in an
upcoming chapter)®® and found to be a promising adsorbent for metal removal due to the
presence of hydroxyl and amine groups which provide active sites for metal adsorption’®?.
However, there are some challenges to using chitosan directly in water treatment
applications, such as low mechanical strength and dissolution in acidic media pH < 4)),
which require some modifications to the chitosan before its use. Cellulosic materials have
been studied extensively for strengthening the chitosan for increasing its applicability in
low-cost wastewater treatment systems. For instance, commercially available
microcrystalline cellulose has been extensively used to make a composite with chitosan for
the purpose of its reinforcement, resulting in higher-cost materials. Similarly, Rahmi et
al.”? reported using palm-oil extracted cellulose to reinforce chitosan with the composite
being used to remove Cd(Il) ions. The cellulose used in this composite led to improved
strength in the material. The results indicated that the increase in the tensile strength of
chitosan was about 10% in part due to the inclusion of cellulose. The increase in
mechanical strength was mentioned as the immobilization of the chitosan molecules and

the presence of cellulose’, which is made possible due to the excellent adhesion between
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the two components via hydrogen bonding. The use of nano-cellulose to form chitosan and
cellulose blends has also been reported to lead to a reinforced chitosan composite with the
material ",

Similarly, lignin, pectin, cellulose and hemicellulose-based biomaterials (such as coconut
husk and coir pith) are other prominent examples studied for their adsorptive characteristics
for several solutes, especially for the adsorption of metal cations’™. These literature studies
provide the foundation knowledge for selecting low-cost lignocellulosic materials such as
the CF and SCGs to add into the CH/HAp composites to provide mechanical strength to
these composites. These materials (CF and SCGs), as stated previously, also have
adsorptive abilities related to the functional groups in their structures which can improve
removal efficiency with respect to metal ions. The following sections are a detailed
literature review of these candidate materials to show how the employment of these

materials in heavy metal ion removal systems has proven worth.

1.5 Literature review of selected candidate materials used in this study

to synthesise the composite adsorbents

1.5.1 Hydroxyapatite

Hydroxyapatite (HAp) or [Caio(PO4)s(OH)2] is a naturally occurring, non-toxic mineral
from the apatite mineral family, which is the major inorganic component of bone and teeth.
It possesses a hexagonal structure with a Ca:P mole ratio of 1.67 and is thermodynamically
the most stable calcium phosphate to form under different physiological conditions (pH,
temperature etc.)’®.

Calcium hydroxyapatite (HAp) is a promising material for metal ion removal from
wastewater owing to several favourable characteristics such as its high adsorption capacity,
low solubility in water, easy availability, low cost and chemical stability under redox
conditions’’. It has been shown to have high removal efficiency, especially for divalent
metallic ions such as Cd(ll), Cu(ll), Pb(1l), Zn(11) and Fe(I1)"8. There is extensive research
demonstrating the application of HAp as an effective adsorbent for removing heavy metals
from aqueous solutions.

In the literature studies, two types of calcium hydroxyapatite are discussed for the heavy
metal ions removal, including the synthetic (or chemically sourced HAp synthesised using

chemical reagents) and bio-sourced HAp (from animal bones). The following section
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describes the literature studies for both types of HAps and their application in heavy metal

ion removal systems.

1.5.1.1 Inorganic sourced hydroxyapatite for heavy metal ions removal

Phosphogypsum ( calcium sulfate hydrate having a formula CaSO4.2H>0) is a mineral
source of hydroxyapatite, with the phosphogypsum being used as a feedstock to prepare
nano-sized HAp (n-CaHAp, particle size 50-57 nm) by using a method previously
described by Mousa and Hanna™. The HAp synthesised using this mineral source
(phosphogypsum) was applied to remove Pb(I1) ions from model solutions of the lead salt.
The removal efficiency of about 98.1% for Pb(Il) was attained when the experiment was
conducted in a pH range between 4.5 and 5.5. It was noted that the removal of Pb(Il)
increased gradually as solution pH was raised from 1.0 to 4.5, with removal efficiency
stabilizing between pH 4.5 and 5.5. At pH values < 4.4, HAp is known to dissolve, and it
was shown in this study that the dissolution of HAp was 49% at pH 1.0 but only 16% at
pH 2.0, which affected the removal efficiency. At pH 3.0, there was no effect on removal
efficiency from the dissolution of HAp. It was concluded from here that the adsorption
might be suppressed at lower pH so, negatively affecting the adsorption of Pb(11)8%8L,
Moreover, it was revealed that the surface of n-HAp is predominantly positively charged
at pH <3 which repels Pb(I1) ions and decreases the adsorption, while above pH values of
3, the surface of the adsorbent is negatively charged so, favouring Pb(ll) ion adsorption.
Another study confirmed a similar effect of pH on Pb?" ion adsorption by
nanohydroxyapatite (i.e. nanorods of HAp), which reported 100% removal of lead from
200 mL of metal solution (100 ppm) at pH 5.6%2. An electrostatic force of attraction
between the adsorbent and adsorbate was described as a possible reason for the favourable
adsorption for heavy metal removal® in the case of cationic heavy metal ions. Another
study was done to evaluate the adsorption behaviour of nano-hydroxyapatite to remove
Cd?*, Ni* and Pb?* using model solutions of (100 to 400 mg L) of the heavy metal salt.

Some studies reported the use of chemically synthesised HAp in metal adsorption systems.
For instance, the hydroxyapatite nanocrystals prepared by a simple precipitation method
showed maximum adsorption of 1000, 142.857 and 40 mg g™ on nano-hydroxyapatite for
Pb?*, Cd** and Ni%* ions, respectively®*. The Lewis acid-base concept can explain the
higher removal of Pb?* as compared to other divalent cations. The adsorbent contains hard

Lewis bases (i.e., OH", PO+* groups), which show a higher affinity for a hard Lewis acid
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such as Pb?* than for metal ions such as Ni?* and Cd?*, which are softer Lewis acids. It was
concluded from this literature study that hydroxyapatite could be applied as an effective
adsorbent for the removal of heavy metals (hard Lewis acids) from wastewater.

Some other studies (summarised in Table 1-1) reported the use of commercially sourced
HAp application in heavy metal ions removal systems, which was found to be an excellent
adsorbent showing >99% removal efficiency (summarised in Table 1-1). Apart from
chemical precipitation and mineral sources of HAp, another vital source of hydroxyapatite
is via chemical synthesis using low-cost feedstock reactants such as calcium carbonate and
orthophosphoric acid, which eventually give HAp as a product in a one-step reaction in a
2.3 L glass U-form reactor as described by Minh et al.®. In this reaction, calcium carbonate
powder (100 g) and deionised water (260-530 g) were introduced into the reactor, which
was kept stirring (200-600 rpm). Orthophosphoric acid (69.2 g) was added at a 1 mL min™?
rate. The resultant suspension was filtered (using a 0.45 pum filter paper) followed by
washing and drying of the solids at 105 °C leading to a powdered product. A study was
conducted to evaluate the adsorption capacity of the CaHAp for the removal of lead (Pb)
from a model solution prepared from the Pb salt. The reaction temperature was 25 to 80 °
C. This study reported a good removal efficiency of this synthesised material up to 750 mg
g for Pb(11)e.

The studies mentioned above illustrated the potential of synthetic/inorganic HAp to remove
heavy metal ions from aqueous solutions. Hence, the HAp could be used to enhance the
removal ability of other low-cost materials by making composite materials. Several studies
described the employment of HAp with other materials to make composite materials for
the removal of heavy metal ions (mentioned in the upcoming section).

1.5.1.2 Bone sourced hydroxyapatite as an adsorbent for heavy metal removal

Bone charcoal (BC) is an "organic" source of hydroxyapatite. It is the product of animal
bone carbonization at 500-700 °C, consisting of 70-76% calcium hydroxyapatite (HAp), 9-

11% carbonaceous material, and 7-9% calcium carbonate®’.

Bovine bone 500-700 °C/5h BC residue + steam + oil + ammonia liquor (1-5)
e
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Bone char is a mixed adsorbent that has been shown to exchange Ca?* ions for Cd?* Cu?*
and Zn** 88 Bone-derived hydroxyapatite is used extensively in the sugar refining industry
to decolourize the liquors from cane sugar crystals. Animal bone sourced charcoal has also
been employed to adsorb cupric ions from an aqueous solution. Cupric ion solutions of
different concentrations (0-500 mg L) were prepared, and about 0.1 g of adsorbent was
added to 50 mL of solution in a batch experimental set-up. The pH was maintained at a
value < 5.5 to eliminate any possibility of the cupric ions precipitating. Bone charcoal was
found to be an efficient adsorbent for the removal of cupric ions showing fast removal
kinetics within 10 minutes of exposure®®.

Bone char also shows higher removal efficiency for arsenic (in the form of arsenate ion) at
higher pH (9 to 13). A complex mechanism is implicated in removing As(V) by bone char
which includes co-precipitation of hydroxyapatite and calcium hydrogen arsenate and ion
exchange between hydroxyl ions and calcium hydrogen arsenate. It is evident that the
divalent anions (HAsOs2) dominate at pH 8-11 . Bone char particles provide a seed
crystal for stimulating nucleation, leading to co-precipitation between calcium hydrogen
arsenate and hydroxyapatite on the surface of the adsorbent. After adsorption of As(V) on
the bone char, ion exchange occurs between anions where OH" ions of Ca-OH groups are
replaced by HAsO.% °1. The adsorption and co-precipitation of As(V) can be summarized

in the following equations:

Adsorption:
Cai0(PO4)s(OH)2 +Ca?* +HAsO4>~ —Ca10(PO4)s(OH)2-Ca (HASO4) (1-6)
lon exchange:
Ca10(PO4)s(OH)2 +HASO4>” — Ca1o(POs)s(HASO4) + 20H- (1-7)

Increases in adsorbent dose cause a corresponding increase in arsenic adsorption, as
expected due to the availability of greater surface area for the calcium arsenate salt to
precipitate on. For 0.5 mg L™ of arsenic, about 99.18% removal can be achieved at pH
10.0 by applying bone charcoal as an adsorbent®’. Bone charcoal has also been used to
remove radioactive isotopes of europium and antimony from radioactive wastes. In this
system, chemical adsorption is the main suggested mechanism for metal (Eu®*) removal
from aqueous solution®%. A batch study confirmed the findings of those authors. In

another study, Moreno et al.® was performed to remove Cu?*, Ni?* and Fe from an aqueous
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solution with bone charcoal. Different quantities of adsorbent ranging from 0.01 to 0.08 g
were added to 100 mL of each metal solution to evaluate the removal potential of bone
charcoal. Removal efficiency between 75% to 98% was attained by adding a dosage of
adsorbent between 0.02 g to 0.03 g per 100 mL of metal solution. Afterwards, this
experiment was repeated using industrial wastewater with the same metal components in
quantifiable concentrations (i.e., more than 500 mg L1). A high removal capacity of up to
34.9 mg g* was attained for copper ions. Chemisorption was described as a mechanism for
heavy metal removal, attributed to the presence of calcium phosphate as a major component
of bone charcoal, providing adsorption sites for effective metal adsorption. Calcium
phosphate also enables the ion exchange process demonstrated as a mechanism of metal
removal in which the following reactions may occur®,

Additionally, a mechanism described by Moreno et al.2 showing the involvement of

phosphate ("=PO ™) and -OH groups of HAp to remove cations is given below:

For Cu?*:
=POH + Cu?* — =POCu" + H* (1-8)
=PO™ +Cu** — =POCu+ (1-9)
=CaOH + Cu®* — =CaOCu* + H* (1-10)

The potential of bone sourced HAp to remove heavy metal ions was demonstrated in the
literature studies as mentioned above. The chemical adsorption and ion exchange were the
dominating mechanisms for removing metal ions using the bone sourced HAp.
Additionally, a metal cations co-precipitation method (as described above in equations)
was also described as a mechanism for removing metal ions. A few literature studies report
the use of bone-sourced hydroxyapatite composites in heavy metal ions removal systems.
Bazargan-Lari et al.*® reported the synthesis of CH/HAp nanocomposites using bovine
sourced HAp and crustacean shell sourced chitosan. The synthesised composite was used
to remove Cu?* ions from aqueous solutions and reported a maximum adsorption capacity
of 1.776 mmol g™* for Cu?* ion adsorption. Other than this study, no related literature was
found using the bovine sourced HAp composites to remove heavy metal ions.
Hydroxyapatite composites for heavy metal removal

Keeping in view the effectiveness and the efficiency of chitosan and HAp for heavy metal

removal, combinations of these two materials have, in the past, been considered an
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excellent option for increasing the efficiency of removal and its applicability in wastewater
treatment processes. Moreover, a good mechanical strength has been reported for the
composites themselves as a body. Moreover, they have been used in biomedical
applications and have been said to possess good biocompatibility and biodegradability
when employed in different applications®. A composite of chitosan and
nanohydroxyapatite has also been shown to have good chemical and mechanical properties
and was recommended for fluoride removal®’. Another study that reported good
mechanical and thermal stability of chitosan/HAp composites was one made up of krill-
sourced chitosan for the removal of Cd(I1), Cr(111) and Cu(ll) ions and was demonstrated
to have favourable metal ion removal efficiency (>90%). Aliabadi et al.%? reported material
of good mechanical strength made by using chitosan and hydroxyapatite in which
hydroxyapatite was used as a binding material for the chitosan. It was used to remove lead,
cobalt and nickel ions from an aqueous solution. It showed adsorption capacities of 296.7
mg g}, 213.8 mg g and 180.2 mg g™* for lead, cobalt and nickel ions, respectively. The
stable and highly flexible crystal lattice of HAp allows easy substitution of different anions
and cations, including Mn?*, COs%, Fe?*, Fe** and F %, which combined with the
additional adsorption ability of the chitosan, can further help enhance the removal
efficiency of metal ions.

Chitosan utilises metal complexation as the dominant mechanism to remove heavy metals.
It is further explained in two mechanisms: metal chelation versus ion-exchange depending
upon the pH of the solution (as pH affects protonation of the polymer)®°. Amine groups of
chitosan take part in metal chelation to form metal complexes. In contrast, hydroxyl groups
(especially in the C-3 position of the chitosan monomer unit) are responsible for the
adsorption of heavy metals. Chitosan is a cationic polymer (with pKa ranging from 6.2 to
7 for the amino groups) that is protonated in acidic solution and hence exhibits electrostatic
properties on account of this. So, in this situation, it may involve the ion exchange
mechanism to remove heavy metals'® via the exchange of protons for metal cations. In
another study, Fe-substituted HAp /chitosan-based composites were prepared to remove
Pb (1) from an aqueous solution. A simple ion-exchange technique was used to synthesise
the Fe-substituted HAp involving exchanging Ca®" ions with Fe?*. The prepared Fe-
substituted HAp was then used to prepare a composite by embedding it into chitosan to
remove a dye and a heavy metal. The prepared composite was used to remove methylene

blue (MB) dye and lead (Pb(Il)) ions under various experimental conditions. The results
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revealed that the composite has an efficient adsorption capacity for removing the pollutants

above from aqueous solutions!®:,

Table 1-1: Hydroxyapatite-based adsorbents to remove heavy metals

Heavy

Metal

Materials Removed Adsorption Capacity Reference
HAp (Synthetic) Cd 1.22 mmol g* 105
HAp (Synthetic) Uranium >995% 106
Bone charcoal Cu 349mggt 88
Bone charcoal Cu 9615mg g 107
Nano Hydroxyapatite Pb 769.23mg g 83
Nano Hydroxyapatite Pb, Cd, Ni 20-430mg gt 108
HAp gel Pb 750 mg gt 109
HAp Zn 3.99x10 % mol g* 110
Hydroxyapatite/Chitosan F 1560 mg kg* 97
Hydroxyapatite/Chitosan  Pb, Co, Ni 56.10-71.80 mg g* 62
Cellulose 1
/hydroxyapatite Cu 175mg g 104
Chitosan/Fe-
hydroxyapatite Pb 1385 mg g* 101
Cellulose 0 0
acetate/HAp Pb and Fe ?Ee; % (Pb), 95.46 %
nanofibre 111
Hydroxyapatite/FezOa 1
nanocomposite Fb 109.89mg g 112
Fe;O4/Hydroxyapatite Fe, Mn 98% Fe, 95% Mn 113
Natural HAp Ni, Cu >095% 114
HAp (Synthetic) Cd, Pb, Cu, Cr > 60% 115
1352, 272, 285 and 304
HAp (nano) Pb, Cu, Zn. Cd mg g 116
HAp (nano) Pb 99.2 % 117
Chitosan/Ag-
hydroxyapatite Cu 40.11mgg?
118
Fluor-hydroxyapatite
composite Cd 236.41 mg g
119
Chitosan/hydroxyapatite
composite Pb, Cu, Zn, Ni |1no?n 43_'148’ 62.5, 32.26
99 120
Hydroxyapatite- 1
bentonite composite Ni, Cd 29.46 mnl()I g
10.34 mmol g 121
Hydroxyapatite 3. 70, 1.99, 1.17, 0.98
attapulgite Pb, Cu, Cd, Zn mmol g* 122
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The combination of chitosan and HAp in a composite matrix provides a highly efficient
adsorbent for the heavy metal ions removal. The addition of HAp into the chitosan polymer
could enhance the adsorption abilities of the chitosan in the chitosan/HAp composite by
providing additional binding sites for the removal of metal ions. This composite (which
already has been utilised and reported in the literature studies) was synthesised as a
reference for the control composite system in the present study for the other base-three
composite systems.

Hydroxyapatite composite in the form of hydrogels has also been studied for heavy metal
ion removal. Hydrogels are three-dimensional hydrophilic polymers that absorb large
amounts of water and swell to form a solid gel while maintaining their physical structure
without dissolving!®2. There has been an increased effort to enhance these physical
properties and functionalities by incorporating filler particles as physical cross-linkers into
the hydrogel network. Such fillers can enhance the mechanical, optical, electrical and
thermal conductivity properties of the hydrogel'®. For example, hydroxyapatite was
employed as a filler in a cellulose-grafted-polyacrylamide hydrogel, which was used as an
adsorbent to remove Cu?* ions from aqueous solutions. For this purpose, the hydroxyapatite
powders were embedded into the hydrogel matrix through ionic crosslinking between the
OH-, Ca?* and PO* moieties and amide groups of acrylamide and hydroxyl groups in the
cellulose backbone. The hydrogel’s ability to adsorb Cu(ll) ions from aqueous solutions
was investigated and found to have a maximum adsorption capacity of 175 mg g* 1%,
Cellulosic materials such as coir fibre from the coconut industry and spent coffee grounds
(as a low-cost by-product from the instant coffee machines or cafes) could be considered
as potential materials to make composites with the hydroxyapatite in this study as no
literature studies reported the use of these cellulose-based materials to make adsorbents in

composite form with the HAp.

1.5.1.3 Heavy metal removal mechanism as used by hydroxyapatite

The studies mentioned above for applying commercial (synthetic) HAp and bone sourced
HAp into the heavy metal ions removal use similar mechanisms for metal adsorption. These
include 1) surface complexation involving the electron-donating ligand atoms such as
oxygen of hydroxyl group 2) ion-exchange within the HAp lattice for Ca®* ions during
stirring 3) formation of metal phosphates by the dissolution of hydroxyapatite and its re-

precipitation as either a wholly different metal hydroxyapatite compound or as a partially
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substituted hydroxyapatite compound?. In low-pH systems (usually under 4.0), Ma et
al.!»* described HAp dissolution followed by reprecipitation as the major mechanism
occurring for heavy metal removal, which was confirmed by the observation of hydroxy
pyromorphite (HP) [Pb1o(PO4)s(OH)2 formed during Pb-immobilization study by HAp as

shown in the following equations 1-11 and 1-12:

Caio(POs)s(OH)z + 14H* — 10Ca%* + 6H,PO4 + 2H,0  (Dissolution)  (1-11)
10Pb?* + 6H,PO4 + 2H20 —  14H*+ Pb1o(PO4)s(OH).2 (Reprecipitation) (1-12)

Additionally, a study reported the removal of Cd(11) by HAp due to a substitution-diffusion
process in which Cd(ll) is taken up by incorporation into the crystal lattice of HAp
((substituting for Ca?*), which leads to a more significant uptake'®. In another study, Fuller
et al.’% reported the surface complexation as a metal removal mechanism by HAp during
the removal of metal ions. In the adsorption of the metal ions from the aqueous solutions,
which employ HAp as an adsorbent, ion exchange processes are the most reported and
discussed mechanisms for removing heavy metal ions from wastewater through HAp as an

adsorbent.

1.5.1.4 Hydroxyapatite -as an ion exchange material for heavy metal removal

As has been mentioned earlier, hydroxyapatite is found to be an efficient material for heavy
metal removal due to its ion exchangeability via its lattice cationic and anionic groups (Ca?*,
PO and OH)). Its specific ability for heavy metal ion removal, such as those of Cd, Pb,
Zn, As, U, Sb and V, has been studied'®>!%-127 Hydroxyapatite substitution within its
lattice is possible due to its stable yet flexible or “hospitable” lattice with labile anions,
cations or other functional groups®. Go'mez del Ri1'o et al.''? reported the ion exchange
mechanism for the removal of Cd?*, Zn?* and Co?* from effluent in a column-based study.
Similarly, an ion-exchange interaction between adsorbent and metal ions was reported in a
column study in which HAp was used to remove different metal ions, including Cd?*, Ba?",
Zn?*, Ni** and Mg?* ions. The ion exchange mechanism was concluded by measuring the
concentrations of removed metal and calcium ions in solution?®,

lon-exchange mechanisms involving the phosphates (present in the hydroxyapatite) can
also remove anions such as arsenates or chromates (as sorbate) from the solution. Chen et

al.% explained that the ion-exchange mechanism for arsenate ion removal by bone char is
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as follows. However, this involves more the exchange of hydroxyl ions instead of
phosphate ions:
Ca1o(PO4)s(OH)2 + HAsOs* — Caio(PO4)s(HASO4) + 20H" (1-13)

129 'which means

Arsenate (HAsO4%) and phosphate (HPO4%) have chemical similarities
that arsenate ion could exchange for phosphate ion on a hydroxyapatite surface. Liu et al.*
proposed a mechanism of ion-exchange between arsenate and phosphate ion species for
the removal of arsenic using synthetic hydroxyapatite as given in the following equation:

(“=" denotes a surface)

=HAP-PO,* + AsO4s> — =HAP-AsOs* + POs* (1-14)

Like arsenate, no literature was found to report the ion exchange between phosphate and
chromate anions. However, the possibility could be considered for chromate anions found
in the solution containing the phosphate-containing substrate such as HAp. The effect of
phosphate ions on the removal of Cr (as chromate ions) was reported®3! in a binary-solution
removal system, using hydrotalcite [Mg2.AI(OH)e].CO3.3H20 as the ion-exchange
medium?3L. In this literature study®!, the co-existing chromate and phosphates ions in
solution were found to be negatively affecting the ion-exchange ability of each other on
the [Mg2.Al(OH)6]2C0O3.3H20 substrate. Though there was no ion exchange between
chromate and phosphate, it could be deduced from this finding that the phosphates of HAp
present in the composites could affect the chromate ion concentrations in the solution. For
the removal of chromate ions, an earlier study proposed the ion-exchange mechanism using
HAp®2, which involves ion-exchange between the hydroxyl and chromate anions. This is
described in the following equation:

= Cay (PO4) x (OH)x + HsO* + xMe =Cay (POs)Me + H,0 (1-15)

Protonated hydroxyl groups on the surface of HAp attract negatively charged chromate
ions to attach to the surface, which ultimately exchanges with negatively charged hydroxyl
groups of the HAp. All the mechanisms described for the adsorption of metal ions (cations
& anions) could be considered on the part of HAp to remove metal ions using the HAp-

based composites systems in the present study.
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1.5.2 Chitosan

1.5.2.1 Chitosan- a low-cost polymer for heavy metal ions removal

Chitosan (poly [(1,4)-B-linked 2 amino-2-deoxy-D-glucose] or (poly-glucosamine)) is the
deacetylated form of chitin, a modified, N-containing polysaccharide (2-acetamide-2-
deoxy-D-glucose). The precursor feedstock to chitosan is the second most abundant
polysaccharide on earth after cellulose. Its derivative chitosan has several useful
characteristics: low toxicity, chemically reactive, biodegradable, and versatility in
chemical and physical characteristics. Hence, these characteristics make chitosan a
promising material for several applications that can be extended to include the
environmental and biomedical fields. Chitosan biopolymers, in particular, are beneficial
for this purpose due to their unique properties such as hydrophilicity, non-toxicity and
biodegradability!3®. Their abundance and easy availability make them appropriate
materials in terms of cost, as economic viability is the key factor for designing and
maintaining any adsorbent system.

Crustacea shells (crabs, prawns, and lobsters), fungi and crabs provide a source for chitin
extraction!®4, A huge quantity of shrimp and crab shells is produced as a by-product of the
seafood industry during seafood processing. Such normally cast-off quantities of these
materials have attracted particular interest from a technological and scientific point of view
for repurposing the chitin and chitosan in environmental applications. Crab and shrimp
cuticles are the principal sources of chitin and, ultimately, chitosan*®. Shrimp constitutes
about 45% of the total processed matter in the seafood industry, which is the major
chitosan®. In raw shrimp processing, about 50% to 70% of material is generated as a waste
by-product after its processing. This by-product contains valuable materials such as chitin
and protein, which offer themselves as prime candidates for repurposing.

1.5.2.2 Reactivity with metals- Mechanisms involved in metal ions removal using the

chitosan as a metal adsorbent

Chitosan is a versatile and heterogeneous polymer due to the presence of glucosamine and
acetylglucosamine units. At the same time, the amine group is very reactive due to the
nitrogen atoms, which have free electron pairs available, which enables them to interact

with metal cations to form chelate (metal complexes). The presence of acetylglucosamine
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and glucosamine units in the chitosan structure contributes to its usefulness and versatility
in the polymer.

Due to nitrogen atoms possessing spare electron pairs, amine groups of chitosan can
interact with metal cations, forming metal complexes. This is known as chelation and
allows metal ions uptake from wastewater and aqueous solutions. The protonation of these
amine groups of chitosan leads to a different interaction, namely electrostatic attraction of
anionic compounds (such as metal anions or anionic dyes)’*.

In chitosan, the hydrophilic nature of this polymer and the presence of many functional
groups such as amide, amine and hydroxyl moieties provide easily chemically modifiable
centres and this, together with the versatility of the polymer chain, explains the good metal
adsorption performance of this biopolymer. The above characteristics of chitosan indicate
it might be an appropriate adsorbent component to consider in designing novel composite

materials for heavy metal adsorption in wastewater'3"-141,

1.5.2.3 Physically modified chitosan used in heavy metal ions removal

Chitosan in its raw form (such as flakes and powder or in solution form) has been used to
treat waster (Table 1-2). Chitin and chitosan have been modified physically in different
forms such as membranes'#?*3, hydrogels'#*, beads!*, sponges*4, and scaffolds*®!4’ to
use them in environmental applications.

One effective method to increase the removal ability of chitosan is to immobilize it on a
supporting medium. Immobilization does not necessarily hinder the molecular mobility of
the material total. Instead, the number of active sites increases as the supporting medium
(sand or mineral) also provide adsorption sites for metal adsorption. For instance, efficient
inorganic arsenic removal was achieved using immobilized chitosan where inert support
of sand*® or ceramic alumina*® was provided. Similarly, the adsorption ability of chitosan
was also found to increase by the addition of eco-friendly fillers (such as clay minerals),

which reinforce the chitosan.

1.5.2.4 Use of chitosan composites for heavy metal removal

As defined earlier in earlier section 1 (1.4.4), a composite comprises one or more
component materials in its makeup. Some materials act as reinforcing fillers (discontinuous

phase of composite) fixed in a matrix (known as the continuous phase of composite).
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Natural or synthetic fibres such as (chitosan) can be used as a discontinuous phase of the
composite to reinforce the fixed matrix, e.g. HAp (continuous phase)*°.

The use of chitosan-based composites (bio-adsorbents) has been reported extensively to
remove heavy metals in wastewater streams®* (summarised in Table 1-2). Studies about
the wastewater treatment using the chitosan-based composites’t:99:139.146.152-155 gnq
adsorption modelling data have also been summarised in Table 1-8. The summarised data
illustrated that the modern literature focuses on preparing chitosan composites with novel
materials, including low-cost adsorbents, which may enhance the removal efficiency of
chitosan for heavy metal removal and provide mechanical strength to chitosan.

Apart from HAp, different materials have been employed in the literature studies to
synthesise composites with chitosan for heavy metal removal. The materials used
extensively to form composites with chitosan in past studies include polyurethane®®,
montmorillonite'®, bentonite!®®, activated clay*>®, polyvinyl chloride, polyvinyl alcohol,
kaolinite!®?, perlite!® and palm oil ash!®2, Among them, clay minerals are a good choice to
make composites with chitosan, as clay is more useful as an adsorbent when it is compared
with other adsorbents in terms of cost, availability, and effectiveness.

Clay is an adsorbent material of choice, having a nontoxic nature, high surface area, easy
availability and remarkable adsorption properties, which show a high ion exchange
potential. The special attention given to clay minerals is due to their exchangeability of
cations and anions used extensively for water treatment. Clay minerals have been used
effectively to make composites with chitosan for their application in heavy metal
removal'®. Perlite/chitosan composites were prepared and used to adsorb heavy metals
such as chromium?®*, cadmium?®®, nickel and copper!®®. This composite was also applied
in tertiary solutions of Co(ll), Cu(Il) and Ni(ll) to evaluate the competitive adsorption of
these metals on the composite®. It was reported that Cu(l1) ions demonstrated the greatest
affinity for the composite, with the order of adsorption capacity being Ni(ll) < Co(ll) <
Cu(I1). Montmorillonite is an example of a clay mineral that was used to synthesise
composites with chitosan for water remediation. Chitosan-coated montmorillonite (CCM)
beads were synthesised for the removal of Cr(\V1)'¢’. Bentonite is another aluminosilicate
mineral clay that could serve as a material to combine with chitosan. Yang et al.®® reported
that Hg?" ions were efficiently removed from aqueous solution by using a
chitosan/bentonite composite. In other systems, it has been reported that a layered

composite of silicate mineral and chitosan was prepared and used for the removal of Cd

29



(1), Cr(V1) and Cr(I1I) ions. The highest removal efficiency was obtained at neutral pH (7)
for Cd(11) and Cr(111) while for Cr(V1) it was obtained at pH 4.0%°°.

Similarly, aluminosilicate minerals can provide support for chitosan composites to allow
the efficient removal of heavy metals. As mentioned above, chitosan's immobilisation on
inert materials (such as clay and sand) can help to increase its removal efficiency by
providing additional binding sites for metal ion adsorption. Additionally, the
immobilisation of chitosan on aluminosilicate minerals can also increase its surface area,
consequently increasing the adsorption ability of chitosan. For instance, alumina (Al203)
has been used to synthesise ceramic alumina/chitosan composites. It is effectively used for
the removal of heavy metals such as As(V) and As(l11), Cu(11)*"°, and Ni(11)7°.

Other polysaccharides also can form composites with chitosan, especially for
environmental applications. Alginate is a polysaccharide obtained from brown seaweed*"?,
which can be made into porous, biodegradable materials. Such composites can be easily
modified to form an efficient adsorbent for heavy metal pollutant removal'’2. Ngah et al.*”
reported alginate immobilisation on chitosan, with the resultant composite beads being
used to adsorb heavy metals.

Cellulose is an abundant polysaccharide having a similar structure to chitosan. It is obtained
from plant sources by using simple acid hydrolysis. It is an eco-friendly material that can
be used to reinforce and fill biopolymers such as chitosan'’41", The structural similarities
of cellulose and chitosan make it easy to form composites of the two. There is no need to
add any coupling agent as there is the possibility of a good filler-matrix interface formation
due to hydrogen bonding involving both chitosan and cellulose, which can provide enough
adhesion for composite formation'’®. Cotton (a cellulosic fibre) has also been used to
prepare a composite with chitosan to remove Pb(l1), Ni(11), Cd(11), Cu(ll), and Au(l11)*"".
Microcrystalline cellulose is a type of cellulose that has a highly crystalline structure due
to strong hydrogen bonding between glucans and exhibits unique chemical and mechanical
properties. It can be used to synthesise highly efficient adsorbents for water treatment®,
Commercially available microcrystalline cellulose has been extensively used to reinforce
chitosan, but this results in higher-cost materials. Rahmi et al.*”® reported using palm-oil
extracted cellulose for the reinforcement of chitosan, with the composite being used to
remove Cd(Il) ions. The cellulose used in this composite led to improved strength in the

material.
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Table 1-2: Chitosan-based adsorbents to remove heavy metals from water reported in the

literature studies

Chitosan-based Heavy Metal ions Adsorption References
composites Removed Capacity

Chitosan/ Silica Cu(l) 73.31 mgg* 181
Poly (acrylic acid) /chitosan  Pb(ll) 734.3mgg* 182
Chitosan/Acrylamide Cu(ll) and Co 150-220 mg g* 183
Pollen/chitosan Cd(1, Cr(iy, Cu(ll), Ni 49.55-67.10mg g* 184

(1) and Zn(11).
Chitosan / Fe® Cu(ll), Cd(Il), Pb(ll), Cr 44.8-82.6 mg g™ 185
(V1)
Nano-chitosan As(111), As(V) - 186
Iron/chitosan As(111), As(V) 86.87 -114.9 mg 187
g -1

Chitosan/Hydroxyapatite ~ Cd(lI), Cu(ll), Cr _ 168
Hydroxyapatite/Chitosan ~ Cd(ll), Zn(ll), Cr B 189
Hydroxyapatite/ Chitosan ~ Cd(Il) _ 189
Chitosan/hydroxyapatite Pb(ll), Co, Ni _ 62
Hydroxyapatite/chitosan Cu(ll) 1.776 mmol g* 190
Chitosan/Fe- Pb(11) _ 101
hydroxyapatite

Hydroxyapatite/Chitosan Cd(l1), Pb(ll) B 191
Hydroxyapatite/chitosan Pb(I1) 190 mg g* 192
Aniline/Chitosan Cull) 328.4mgg* 193
Chitosan/sodium Cu(ll) - 194
alginate/cellulose

Chitosan/ cellulose Cd(1n 204.082 mg g* 179
Magnetic/humic Cu(l1), Cd(11), Pb(11) 105.15- 221.24 mg 195
acid/chitosan gt

Chitosan/ alginate beads Cu(ll), Cd(I) 207.0 -527.3mg g* 196
Chitosan/sodium Pb(11), Cu(ll), Cd(ll) 70-176 mg g* 197
alginate/calcium

Modified magnetic  Cr(V1) 163.93 mg g* 198
chitosan

Biomimetic Hg(ll), As(V) 198.6-204.1 199
SiO,@chitosan mgg?

Chitosan/cysteine Cu(Il) and Cr(VI) 138.53-156.49 200
glutaraldehyde mgg!

Bacterial cellulose/chitosan  Cu(ll) and Cr(VI) 152.1- 201

200.6mg g

Chitosan / Leaf extract Hg(l) - 202
Cellulose/Chitosan Cu(ll) 75.8 mg g 208
Porous poly (L-lactic Cu(ll) 111.66+3.22 204
acid)/chitosan mgg!
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The results indicated that the increase in the tensile strength of chitosan was about 10% in
part due to the inclusion of cellulose. The increase in mechanical strength is due to the
immobilization of the chitosan molecules and the presence of cellulose!®® , which is made
possible due to the good adhesion between the two components via hydrogen bonding.

The applicability of the chitosan-based composites could be increased by increasing the
mechanical strength of the chitosan. The strength of the chitosan could be increased by
adding the cellulose-based materials, which could be used to increase the overall stability
and strength of the CH/HAp (control) composites synthesised in this study. For this, the
lignocellulosic materials such as coir fibre and spent coffee grounds could be selected as
low-cost industrial and agricultural by-products, which have lignocellulosic composition
and could serve the purpose of providing strength, ultimately increasing the applicability

of the synthesised composite systems of the present study.

1.5.3 Coir Fibre (CF)

Coir fibre, as mentioned earlier section, can provide some mechanical strength in
chitosan/HAp based composites. It is a well-known agricultural by-product that has been
used to synthesise low-cost bio adsorbents to remove heavy metals like Cu, Cr, Hg, Cd
and Ni?%, Globally, millions of tonnes of coir fibres are produced as by-products each year.
About 5 to 6 million tonnes of coir fibres are produced as by-products each year. Only 10%
of this product is used commercially, while that remaining behind is discarded?®® 2. The
management of such waste is a major environmental issue. Therefore, using this in an
environmental application constitutes an effective way of managing/utilizing this
considerable quantity of environmental waste and assists in cyclability of use. The removal
abilities of the coir fibre could be enhanced by including it as a compositing material with
other adsorbents such as hydroxyapatite, which is well known for its metal ion removal

abilities, as discussed above.

1.5.3.1 Caoir - a lignocellulosic fibre with the potential to form a composite with other

materials

Coir is a natural fibre, which mainly constitutes cellulose, lignin and hemicellulose. It is
generally regarded as an agricultural by-product, being the inner husk of coconut from the

coconut palm. Coir pith is made up of 70% pith and 30% fibrous material. The pith is a
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waste product, and its disposal is a serious environmental concern as large quantities are
produced during coconut harvesting?®.The main constituent of coir pith includes cellulose
(35.0%), lignin (25.2%), pentosane (7.5%), fats (1.8%), ash content (8.7.5%), moisture
(11.9%) and other components (10.6%)?%. As it has a high lignin content, coir is considered
a tougher, stiffer and longer-lasting fibre among the natural fibres. This property makes it
suitable as a reinforcing material for biopolymers such as chitosan.

Compared to manufactured fibres, naturally sourced fibrous materials such as jute, kenaf,
palm and coir, etc., are more suitable for this purpose due to their being lightweight, low
cost, and high biodegradability?®. If being bonded to polymers, increased adhesion can be
achieved through chemical modification of the natural fibre. It is difficult to elaborate on a
definite mechanism for describing the bonding in composites. Generally, chemical
modification optimizes the interface of the fibres by helping to increase the effectiveness
of natural fibres in two ways. Firstly, the chemical modifying agent reacts with hydroxyl
groups on cellulose and secondly, they react with functional groups on the fibres
themselves in such a way as to facilitate chemical binding between the natural fibres and

biopolymers?%,

1.5.3.2 Coir fibre potential to remove the heavy metal ions

Lignocelluloses (mainly plant biomass) in some naturally occurring materials such as coir
fibre have adsorptive abilities and ion exchange capacities related to their basic constituent
polymer and structure. Proteins, lignin, pectin, cellulose, and hemicellulose are prominent
polymers studied for their adsorptive characteristics for several solutes, especially for the
adsorption of metal cations”. Coir has been used to synthesise low-cost bio adsorbents to
remove heavy metals like Cu, Cr, Hg, Cd and Ni%® (summarised in Table 1-3). Coir
materials have been applied to wastewater treatment in the past.

As mentioned above, it is a lignocellulosic material, and these materials can have a large
surface area. About 1 inch® of this material and with a specific gravity of 0.4 may have
about 15 square feet (1.393 m?) of surface area; moreover, grinding it further helps to
increase the surface area of these materials. Additionally, these fibres are hygroscopic and
hence have higher water affinity, making them more suitable for an adsorption
application®?, hence could be used to make a composite with suspended powdered

adsorbents (such as HAp) to enhance their applicability in the water treatment systems.
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Further, it is considered suitable for adsorption due to its lower bulk density and higher
pore space volume. It possesses different carboxyl, phenolic, amino and hydroxyl groups
that are further known for their efficient removal capabilities for different pollutants. Coir
has been used to remove Ni, Cu and Zn from model solutions of these metals. Results have
indicated that it was an effective adsorbent for removing these pollutants, but it showed
lower efficiency than other adsorbents, which led to higher consumption of this adsorbent.
The materials, like HAp, could be used to improve the removal efficiency of the coir fibre
and could be used as a unique combination for making the composites for the removal of

metal ions (as this was not studied earlier).

1.5.3.3 Literature studies employing coir-based adsorbents for the heavy metal ions

removal

The following section discusses the literature studies that employed coir-based adsorbents
to remove the heavy metal ions to demonstrate the potential of coir fibre for removing
heavy metal ions.

Several literature studies have reported the application of coir for the removal of metal ions
such as chromium (as chromate ion) in the past?!2. In a fixed-bed column experiment, a
maximum adsorption of Cr(VI) up to 201.47 mg Cr(V1)/g adsorbent was reported at the
highest bed depth of 60 cm and for the lowest flow rate of 10 mL/min?'3, Kadirvelu et al.?*
investigated the mechanism of Cr(VI) removal from wastewater by applying coconut coir.
Results revealed that at pH 3.0, chromium reduction occurs, which produces Cr(I1I) ions
from Cr(VI1). The possible binding sites for Cr(I11) could be provided by phenolic methoxyl
and hydroxyl groups located on lignin which binds the Cr(l111) and causes its removal.
Another study reported the potential application of coir as a low-cost adsorbent for
removing copper and lead ions?*. An important parameter dictating the removal efficiency
of this heavy metal was pH. It was noted that Pb ions were most efficiently removed at pH
4.5, with pH 5.0 being the best pH at which to remove copper ions. The adsorption capacity
of coir (at pH 4.5) for the lead was 48.84 mg g2, although, for Cu ions, it was much lower,
i.e., 19.30 mg g*. Quek et al.?*® used coir pith for the adsorption of Co(Il), Cr(lIl) and
Ni(ll) ions from single-ion solutions as well as from a mixture of them. The pH at which
maximum metal ion adsorption was observed for Cr(l1l) was at 3.3, for Co(ll) 4.3, and
Ni(11) 5.3. At these pH values, the adsorption capacity of coir pith was 12.82 mg g, 11.56

mg g and 15.95 mg g for cobalt, chromium and nickel ions, respectively.
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1.5.3.4 Coir based activated carbons for heavy metal removal

Activated carbons are the best-known adsorbent for removing heavy metal ions such as
Ag(l), Au(l), V(VI, V), Ni(ll), Zn(11), Fe(ll, 11), Cu(ll), Hg(ll), Cd(ll) and Cr(Ill, VI).
Commercially available activated carbons (also known as activated charcoals) are
processed to produce materials with tiny low volume pores, which help increase surface
area for adsorption. Generally, all organic materials can be processed by physical and
chemical activation to synthesise activated carbons. Char is prepared by physical means
(carbonization of the precursor at a temperature below 900 °C in an inert atmosphere)
followed by activation of the carbonized precursor using activated agents. Activated agents,
which are mostly used for activation, include acids or alkalis (e.g. KOH, NaOH, and
HsP04)?17218  Activated carbons are expensive to prepare, and it is not feasible
economically to generate very cheap water treatment systems?%® from these.

Generally, low-density materials are processed to synthesise activated carbons, including
rice husk, sugarcane bagasse, coir pith, etc. Coir pith carbons can be activated by mixing
the coir pith with polyvinyl acetate to get a granular material. The prepared granular
material has been applied to remove Zn, Cd, and Cu ions in a batch experiment to compare
the removal efficiency of coir pith activated carbon to commercially available activated
carbon for the removal of these heavy metals from an aqueous solution. For the treatment
of large volumes of water on an industrial scale, continuous flow systems are preferred
over batch systems. The batch experiment was extended to column studies by applying the
optimum conditions developed from the batch studies. The results of this study indicated
the removal of heavy metal ions increases with an increase in pH.

Column scale studies revealed that the activated carbon in coir is superior to commercially
available activated carbon materials. They can be used to treat large volumes of industrial
effluents with different heavy metals??°. Coconut shell fibre was used as a source of low
cost activated carbon to remove Cr(l11) ions from water and wastewater and was compared
with carbon fabric cloth (commercially available activated carbon fabric cloth) to evaluate
removal efficiency. Results indicated that the adsorption capacity for removing Cr(l11) ions
was 39.56 mg gt and 12.2 mg g for activated carbon from coconut fibre and carbon fibre
cloth, respectively??!,

Activated carbon in coir pith was also used to remove Cd(l1) ions. It was activated by using
a procedure described by Namasivayam et al.??2 and was found to be effective for removing

cations from aqueous solution??®. Adsorption of Ni(Il) ions was also reported by the
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application of carbonized coir pith??*, Coir pith carbon was activated (by using
concentrated sulphuric acid and ammonium persulphate [(NH4)2S20s)] as activating agents.
Activated coir pith was found to be more effective than unmodified coir pith. Adsorption
capacities of 38.9 and 9.5 mg g™ respectively, were noted for the activated and non-

activated systems??®

. All these studies show that low-cost organic materials (such as coir)
can be used as “activated carbons” to replace the more expensive commercially available

activated carbon adsorbents.

1.5.3.5 Coir-based composites for the heavy metal removal

As described earlier, a composite might have more than one discrete phase to reinforce the
continuous phase (such as the HAp). The coir fibre, as a biopolymer, could be included as
a discrete phase to make composites with other materials.

Composites are formally defined as materials made by mixing two or more materials of
different physical or chemical properties to create a hybrid material. The product material
will have both properties, but the individual components tend to retain their distinctive
properties. Chemical composition is very important for synthesizing a composite of natural
fibres with other natural materials, as adhesive bonding is necessary for achieving adequate
mechanical strength in the resultant composite. Materials of similar chemical compositions
have a natural affinity for each other.

A way to use coir fibre more efficiently is through its binding with other natural polymers,
which may enhance its properties. Hence, materials with known high efficiencies for
removing heavy metal ions can be used to synthesise composites with coir, such as chitosan,

hydroxyapatite and hemicellulose??®

. Modifications of coconut fibre can provide it with
enhanced removal properties for wastewater treatment than unmodified fibres??’. Coir pith,
a by-product of the coir production industry and consisting of lignocellulosic polymers,
may be used as a potential adsorbent to remove heavy metals. Swarnalatha et al.?%®
investigated the coir pith to remove Zn, Cu, and Ni from model solutions of these heavy
metals. It was found to be an effective removal agent for low and high concentrations of
heavy metals in water.

For increasing the water adsorption property of coir, hemicellulose can be used to make a
composite with coir, which can enhance its water adsorbing ability due to the presence of
the cellulosic hydroxyl groups. This increases its utility in wastewater treatment

applications. Moreover, modifications of composite materials can be enhanced further by
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using strong oxidizing agents such as nitric acid. A composite adsorbent was prepared by
modifying coconut shell charcoal with chitosan. This composite was further modified by
using oxidizing agents (nitric acid and sulfuric acid). These materials were used to remove
Cr(VI) from simulated electroplating wastewater. Results indicated a better adsorption
capacity for Cr(\VI) was obtained on the composite material that was further modified by
nitric acid (10.88 mg g!) compared to a composite that was modified with sulfuric acid
(adsorption capacity 4.05 mg g ). For the unmodified composite, the adsorption capacity
was only measured to be 3.65 mg g ™.

Table 1-3: Coconut Fibre (CF) based adsorbents to remove heavy metals reported in the
literature studies

Coconut fibre- Metals removed Adsorption References

adsorbents capacity/Removal %

Coconut fibre Zn, Ni, 0.31,0.20,0.42inmg g* 21

Coir pith Cr(V1) 76.3mgg* 212

Coir pith Cr(VI) 197.3mg g* 213

Coir fibre Cr(l11), Cr(VI) Not mentioned 229

Coir fibre Pb, Cu 48.84 mg g (Pb), 19.30 215
mgg™* (Cu)

Coconut husk sawdust ~ Hg, Ni 100 %, 84.30%

Coir pith Cr(111) 11.56 mg g* 228

Coir pith Ni 62.5mgg* 224

Coir pith Ni 9.5mgg? 225

Coir pith (modified) Ni 38.9 mg gt 225

Coir pith (modified) Hg° 956.282 ng g* 230

Coir pith Ni, Cu, Zn 76.24 % (Ni), 85.12 % 205
(Cu), 86.58 % (Zn)

Coir pith (modified) Cd, Cu, Zn 93.2%, and 54.1% to 231
83.1%

Coir pith Co, Cr, Ni 12.82,11.56, 15.95in mg 232
gt respectively

Modified Coir Ni, Zn, Fe 4.33, 7.88 and 7.49 in mg 233
g-l

Coir pith (modified) Ni 24.39 mg g* 234

Esterified coir pith Co 34.13mg g* 285236

1.5.3.6 Possible mechanisms involved in the adsorption of heavy metal ions using the

coir-based adsorbent systems

Coir fibres have selective adsorption, cation exchange capacity, dehydration-rehydration,
and catalysis properties that might make them effective in eliminating heavy metals.
Adsorption is the dominant mechanism for heavy metal removal at pH values less than 7.

However, in alkaline conditions, precipitation of the metal ions occurs preferentially due
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to complex formation. In the pH range 3.0 to 9.0, removal of Zn(I1), Cd(1l) and Cu(ll) ions
increases from 54.1% to 83.1%, 68% to 93.2% and 70.8% to 97.6%, respectively, using
the coir fibre as an adsorbent. This trend could be attributed to an increase in the negatively
charged surface of the adsorbent with the increase in pH, which ultimately favours the
adsorption of cations (M?*). Parab et al.??® reported that the combination of ion exchange
and surface complexation of metal ions was the possible mechanism for the adsorption of
Hg(1l), Cd(I1) and Cr(l11) ions onto coconut husk.

1.5.4 Spent Coffee Grounds (SCGs)

1.5.4.1 Coffee-as a source of valuable by-products

Coffee is one of the most favourite caffeinated beverages worldwide and is cultivated in
more than 70 countries. It is the second most largely traded product after petroleum?¥.
Despite its popularity, its mass consumption is posing negative impacts on the environment.
According to the International Coffee Organization (ICO), about 8.5 billion kg of coffee
was produced in one year (2014) to consume in Brazil, the USA, Japan and the EU
(European Union)?%, After-harvest processing of such large volumes of coffee beans and
consequently coffee-brewing on an industrial scale produces enormous by-products. The
coffee industry produces 8.5 million tons of by-products as municipal waste, with an annual
production of 9.34 million tons of coffee worldwide—such large quantities of by-products

are responsible for economic and environmental issues linked with their management?*.

1.5.4.2 Composition of Spent Coffee Grounds (SCGs)

The spent coffee grounds (insoluble powder) are the primary by-product of coffee beans
produced after dehydration, milling, and brewing coffee beans. Several components,
including carbohydrates, proteins, lipids, nitrogenous compounds (e.g., peptides and
alkalies), caffeine and phenolic compounds, constitute the coffee ground spent. Their
quantities depend upon their source and processing methods?*°. Constituents of different
spent coffee grounds from industrial sources were studied by some researchers and are
summarized in the following Table (Table 1-4).

The spent coffee grounds (insoluble powder) are the primary by-product of coffee beans
generated by two sources. One from the coffee-processing industries produces soluble or

instant coffee products and consumes about 50% of coffee beans production worldwide.
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The second source is the cafés and the public taking part to consume the remaining 50% of
coffee production?!. These by-products are dumped in landfills as municipal waste by
industries, causing an alteration of local ecology®®. In Sydney (Australia), 7% of the total
3000 tonnes of SCGs are reused in agricultural applications such as fertilizers or to feed
worms. At the same time, the remaining is dumped as raw in land-fills, which are causing
greenhouse gas emissions?42243, Australia could be considered the third-most carbon-
emitting member after China and USA%4; therefore, it demands a serious waste
management strategy worldwide to deal with the detritus. Contrary to this, food waste (or
organic waste) management can potentially benefit $700 billion if it successfully finds new

markets that can accommodate organic waste?4°.

Table 1-4: Composition of Spent Coffee Grounds (sourced from Brewing industry and

commercial cafeterias)

Groups Sub-groups Composition References
Carbohydrates Mannose 46-57 % 246-248
Galactose 26-30.4 %
Glucose 11-20 %
Arabinose 3.8-6 %
Proteins Total protein content ~ 12.8-16.9 % (w/w)  241.249
Coffee nitrogen 8.5-13.6 %
compounds
Caffeine (1,3,7- 0.734t041.3 pg 241250253
trimethyl-xanthine) A purine alkaloid mg*
0.007-31%
1.8mgg*
Lipids Oils consisting of 7-25 % 254-256

linoleic, palmitic,
stearic and oleic
acids
Phenolic compounds Gallic acid 16-399 mg g* 251,258
equivalent
s (GAE)
Minerals K, P, Mg, Ca, Na, Fe, 0.82-3.52 % 241,257
Cu,
K as a major mineral ~ 3.12-21.88 mg g*

1.5.4.3 Sources and application of spent coffee grounds (SCGs)

National regulations of many coffee-producing countries require a proper waste
management plan for the by-products generated during the production of coffee products.
For instance, in Europe, Nestlé pledged to reduce coffee grounds waste by employing
spent coffee grounds in renewable energy production by 2020 in their >20 factories?*’. The
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coffee grounds (spent) have been used in several applications, including biochar-
production for consequent heavy metals and dye removal®®, biodiesel production®® and
as a subgrade construction material for roads?®. In contrast, their use in animal feed is
restricted due to toxic compounds such as caffeine, polyphenols and tannins?. SCGs are
mainly composed of lignocellulosic material in which the core of cellulose is sheathed by
covalently bonded lignin and hemicellulose. Organic compounds which constitute spent

coffee grounds make it a potential material for activated carbon products?®?, adsorbent for

259 246

antibiotics?®®, sugar?*® and compost?2,

1.5.4.4 Spent Coffee Grounds as a Bio-adsorbent for heavy metal removal

Generally, SCGs are described as organic particles with a large surface area (around 7.5
m? g'1), making them useful for adsorption applications®4. The presence of tannins in SCGs
provides the polyhydroxy and polyphenol groups that take part in the adsorption of heavy
metals?%°2%, Spent coffee grounds with and without treatment have been extensively used
for heavy metal removal. For instance, spent coffee grinds without any treatment
effectively removed Cr, Cd, Cu, Pb and Hg from water?4267269 \While in another study,
spent coffee grounds were activated for their adsorption sites using HCI to remove Pb and
FZYO.

Similarly, Kim et al.?’* studied the effect of spent coffee grounds (SCGs) and charred spent
coffee (SCG-char) grounds on ameliorating heavy metal contaminated water. They applied
the SCGs and SCG-char to remove heavy metals from acid mine drainage (sourced from a
gold mine) containing Cd, Pb, Cu and Zn. SCGs and SCG-char were highly efficient to
remove these heavy metals giving a more than 80% removal efficiency.

SCGs have also been studied to prepare composites with other materials for metal removal,
but the work is very limited to date. Coffee residues and a clay composite were prepared
to remove heavy metals such as Pb, Cd, Cu, Zn and Ni?®. Clay was used as a binding
material for coffee residues to prepare coffee/clay granules. Before mixing, coffee residues
and clay were pyrolyzed at different temperatures ranging from 300-800 °C before their
mixing. The mixture was used to prepare a granular adsorbent of about 10 mm long and 1-
6 diameter. Adsorption capacity order of heavy metals using these granules estimated by
Langmuir adsorption model was given as Ni?*< Zn?*< Pb?*<Cu?* < Cd?*. Another study
reported the preparation of a magnetic composite of coffee waste using Fe2O3 nanoparticles

and used this composite to remove Pb ions?’,
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The adsorption capacities of spent coffee grounds (raw or treated) and coffee waste
composites used for heavy metal removal are summarized in Table 1-5. According to our
knowledge, only a few studies have been done on the composite synthesis of spent coffee
grounds with other materials to use as adsorbents. To further explore the potential of spent
coffee grounds as a low-cost adsorbent, spent coffee grounds were used to make
composites with chitosan and hydroxyapatite. As described earlier, the HAp could increase
the removal abilities of these low-cost by-products. The SCGs (as lignocellulosic materials)
could provide mechanical strength to the CH/HAp composites for increasing their
application in heavy metal ion removal applications.

Table 1-5: SCGs based adsorbents to remove heavy metals

Material Source Metals removed Adsorption capacity References
SCGs Industry  Cr(VI) 10.2mgg? 264
SCGs (activated) Industry  Pband F 61.6 mg g Pb, 9.05mg g’ 210

-
SCGs and SCG- Cafeteria  Cd, Cu, Pb, Zn 91%, 58%, >99%, 82% 27
char 99%, 88%,>99%, 99%

Untreated-coffee  Cafeteria  Cuand Cr 70mg gt Cu,45mg g* Cr 269
residues
SCGs Cafeteria  Cd, Cu, Pb 0.12, 0.21, and 0.32 mmol 268

g, respectively

Magnetic-SCGs  Cafeteria  Pb 41.15mg g* 212
nanocomposite
SCGs Cafeteria  Cu 0.214 mmol g? 23
SCGs/Silicon Cafeteria  Pb, Hg 13.5 mg g* for (Pb) and 214
elastomer 17.1 mg g (Hg)

SCGs Industry  Cu, Pband Zn 8.2, 27.6, and 8.0 mg g*, 275

respectively

1.5.5 Zeolites

Zeolites are naturally occurring hydrated aluminosilicates with a porous structure. There is
a vast number of crystal structures reported for zeolites. According to a report in the
Inorganic Crystal Structure Database (ICSD 1995), there are 273 zeolite crystal structures
registered, with the number of cation exchanged zeolites being 409 278

Cost-effectiveness is the most important parameter before the application of any method
for water treatment. This is especially so if it is to be used on a large scale. Among all
available options, inherently low-cost materials (such as clay minerals) are hence the best
option for water treatment. The use of locally available low-cost natural materials (e.g.,
zeolites) with a chemical structure that supports heavy metal removal (by adsorption and

ion-exchange mechanisms) can economically provide a feasible option. It is proven in
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literature (given below) that these materials could constitute an effective water treatment
method due to the enhancement of metal ion removal abilities by the several mechanisms
that would exist in any composite made with this and other materials that have the potential

for being water treatment matrices.

1.5.5.1 Zeolites in the Taupo Volcanic Zone (TVZ) of New Zealand

In New Zealand, there is a presence of zeolite deposits in the TVZ, and their geology and
mineralogy are well established®’’. In Ngakuru (TVZ), an extensive deposit of zeolites has
been discovered, which is less than 50,000 years old.?’® In 1992, the first deposit was
discovered at Mangatete Road (Rotorua), which was available for commercial use soon
after its discovery. Deposits from this area have been used effectively to soak up oil,
chemical spills and animal wastes and have shown excellent adsorption capacities?’®,
Zeolite presence in lower temperature areas such as in Wairakei (a geothermal area in TVZ)
has been known since the 1950s. The local availability of zeolites offers a low-cost option

for the synthesis of adsorbents, especially for heavy metal ion removal.

1.5.5.2 Potential of Zeolites for heavy metal ion removal

A zeolite crystal is composed of three-dimensional frameworks of SiO4 and AlO4
connected through oxygen bridges?’®. Each tetrahedral unit contains at its centre an
aluminium ion which is surrounded by four oxygen atoms. A negative charge is produced
by the isomorphous replacement of Si** by AI**in the lattice. Exchangeable cations (e.g.,
sodium, potassium and calcium) balance out this negative charge.

The zeolites have potential industrial applications such as adsorbents, detergent builders,
molecular sieves and ion exchangers?®%2, The literature shows that heavy metals from
industrial, municipal and agricultural wastewaters have been removed by the application
of zeolite?®?. Easy availability and extraction make them low-cost adsorbents of great
interest due to their high surface area and easy ion exchangeability. It has been shown that
ion exchange is the major mechanism for heavy metal removal by zeolites?®32%4, In a study
reporting the efficiency of three aluminosilicate minerals (perlite and vermiculite along
with natural zeolites)?3, natural zeolites were reported to be the most efficient agents for

lead ion removal from wastewater.
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1.5.5.3 Modifications of Zeolites to remove heavy metals

Clay minerals (e.g., zeolites) have negatively charged surfaces, which hence show a low
affinity for anions. Inorganic cations, mainly Fe(ll) ions and other cationic species (e.g. of
Pb?" Ba** and Ag"), have been used to modify clay minerals for using the modified clays
to remove anionic species from water?®-288_ pp-modified minerals (such as zeolite, perlite
and vermiculite) have been used to remove Cr(VI) (in the form of chromate anions).
Among these clay minerals, zeolites and vermiculite (another silicate mineral) show a
higher removal efficiency with respect to Cr(VI), i.e. 86% and 60% for zeolite and
vermiculite, respectively?®®. A proposed mechanism to account for this ion removal
property suggests that a re-exchange process between the potassium ion of potassium
chromate (K2CrOa) and lead takes place initially. In other words, insoluble lead chromate
is formed by the combination of Pb?* and CrO* which deposits on the surface of the lead-
modified minerals®®. Therefore, surface modification of minerals helps to increase their
ion exchange and adsorption ability.

Chitosan has been reported as a potential material to remove heavy metals, as mentioned
previously®®!. It can be used to make a biocomposite with the zeolites with enhanced
properties for heavy metal ions removal from water. Chitosan-modified zeolites have been
used to extract divalent metal ions ((Pb?*, Cd?*, and Cu?*) from acidic media (i.e., HsPO4
solution, which has metal ions present as impurities). Modified zeolites have shown a
remarkable removal efficiency of > 90 % for these cations after only 10 minutes of
exposure. A study reported the synthesis of hydroxyapatite/zeolite nanocomposites by
using a simple sol-gel method. This nanocomposite was used to remove Pb (11) and Cd (I1)
from aqueous solutions. Adsorption of cationic species on the surface of this composite
was demonstrated to be the removal mechanism for ions in this study?®?. Literature studies
have been summarized in Table 1-6 to illustrate the zeolite-based adsorbents' removal and
adsorption abilities. It shows that the zeolites could be employed as a potential material to
make composites with chitosan and HAp with enhanced properties and abilities for the

heavy metal ions from the aqueous solutions.

43



Table 1-6: Zeolite-based adsorbents to remove heavy metals reported in the literature studies

Zeolite-based adsorbents Metals Removal%o/Adsorption References
Removed capacity

Synthetic Cd 85 % 292

Mordenite

(modified)

Zeolite (Natural) Cu, Ni, Co,Fe  0.011-0.03 mg g™ 293

Zeolite (Synthetic) Zn,Cu,Pb,Cd >91% 204

Clinoptilolite (Modified) Chromate 9.83mg g 29

Zeolites (synthetic) Cr, Cu, Cd 0.83, 0.79, 0.45 in mmol g, 29
respectively

Zeolites (Natural) Cr, Cu, Cd 0.07, 0.09, 0.04 in mmol g7, 2%
respectively

Zeolites (synthetic) Pb, U 20.1 (Pb), 37.6 (U) mg g* 291

Erionite (Natural) Pb, Cd 26 mgg?, 3.8mgg? 2%

Clinoptilolite (Natural) Pb, Cd 32mgg? 1.6 mgg? 298

Scolecite (Natural) Pb, Cu, Cd 56 peq g 4,130 peq gt 299
3.2peqgt

Fe-Zeolite (composite) As 38.26+3.59 mg g 300

Clinoptilolite (modified) Pb 0.537 mmol g* so1

Clinoptilolite (composite) ~ Pb >99.9 % 302

Zeolite (Natural) Pb 54 mg gt 38

Fe modified Zeolite Pb 76 mg gt 303

1.6 Proposed mechanisms of selected materials for the removal of metal
ions

The selected candidate materials (mentioned above) have been reported in the literature
studies to use some fundamental adsorption mechanisms mentioned in their respective
literature review sections. This mechanism has been summarised in the following section,

as explained in the literature studies.

1.6.1 Electrostatic interactions for the metal ion removal from aqueous

solutions

The first and the most common mechanism that could be considered for the removal of
metal cations (Cd?*, Pb%* and Cu?* is the electrostatic interactions between these positively
charged metal ions and negatively charged functional groups (binding sites) on the surface
of the composites®®. The oppositely charged species attract each other leading to
attachment and resulting in metal ion removal from aqueous solutions.

In the chosen adsorbent materials for this study, the hydroxyl groups are the most dominant

functional groups which are found in all the selected materials, with a negative charge,
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which principally plays a role in metal cations by electrostatic interactions'*®. The carbonyl
(C=0) and carboxy! groups (COO"), which are found in coir fibre (from hemicellulose)3%-
307 and spent coffee grounds (SCGs), participate in the aforementioned mechanism for to
remove cations. Similarly, negatively charged phosphate groups (POs>) are the
fundamental components of the hydroxyapatite to assist the metal cations removal from
the aqueous solutions by electrostatic attraction.

The positively charged functional groups (produced by the protonation of the active sites
at lower pH values) of adsorbents (chitosan, coir fibre, SCGs etc.) and hydroxyapatite must
remove anionic species (metal ions) such as chromate and arsenate by electrostatic
interactions as documented in the literature studies®®3°, The pH of the solution is an
important parameter to accomplish the removal of the anionic metal species, as it is
essential for the protonation and deprotonation of the functional groups to create a positive
charge on the surface for removing the negatively charged metal ions from the solution by
electrostatic interactions®'32. A lower pH (acidic) in the solution provides an excess of
H™ ions, which cause protonation of the functional groups, such as the hydroxyl, amino and
carboxyl groups, to produce a positive charge on these functional groups so, allowing the

removal of anions (chromate and arsenate) by electrostatic interactions®!°,

1.6.2 The Metal-ligand complexation (metal chelation) mechanism for metal

ions removal from the aqueous solutions

The metal chelation is an extensively reported mechanism for the removal of metal ions
from the desired sites (e.g., an aqueous solution). This mechanism is founded on the
coordination chemistry, involving the chelating agents to form a complex structure (chelate)
with the metal ions to bind them for the removal®'3, The chelating agents could be organic
or inorganic, possessing ligand(s) or chelating atoms that coordinate with the metal ions by
covalent and coordinate linkages. The ligand atoms, primarily N, O, and S, are present in
the chemical groups of the materials (such as bio-adsorbents). The most common
functional groups involved in metal-chelation by their ligand atoms include -NH2, =NH, -
OH, and OPO3H3,

In the metal-chelation mechanism for the metal ions removal, the chelating agent acts as a
Lewis base (electron donor) to bond with metal cations such as Pb?*, Cd?* and Cu?*. In

contrast, the metal ions act as Lewis acid (electron acceptors) to make covalent/coordinate
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linkages with the chelating agents (Figure 1-1)%4, In this process, the metal atoms are held
a central place surrounded by neutral or ionic groups (ligand) to form a complex structure.
In this way, the adsorbents' functional (chemical groups) immobilize or bind the metal ions
on their surface to remove them. The metal-ligand complexes could be monodentate
(involving one donor atom), bidentate (involving two donor atoms) or polydentate

(involving more than two donor atoms)3%,

7 DR . Monodentate Ligands

red

M Bidentate Ligands

N

\ / Polydentate Ligands
/M \ (Formation of Chelate)

Figure 1-1: Synthesis and types of metal-ligand complexes®* displayed with permission under

a Creative Commons Attribution 4.0 International License.

The functional groups present in the chosen candidate materials, such as hydroxyl groups,
carboxyl groups and amino groups, which are the constitutional part of the selected
materials, contain the ligand atoms such as N and O and actively participate in metal-ligand
complexation for their removal®>3, The literature studies extensively reported metal-
chelation as one of the dominant mechanisms involved in metal ion removal (cations
particularly) by the functional groups of biopolymers®'’. The biopolymers such as chitosan
and lignocellulosic materials (coir fibre and SCGs) contain the hydroxyl, amino and
carboxylic groups. They are reported to form metal complexes’ 318319 for metal cation

removal from aqueous solutions. Similarly, the hydroxyl groups are the fundamental part
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of the hydroxyapatite and zeolites and could be considered to be involved in this
mechanism32°,

To remove negatively charged metal ions such as chromates, the functional groups with
ligand atoms (such as the amino groups of chitosan & carboxylic groups of the
lignocellulosic materials) could work differently. The metal oxides, such as the oxides of
Cr(VI), contain many H" ions, or at acidic pH conditions, there is an excess of H" ions in
the solution. The H* ions can protonate the negatively charged or neutral functional groups
to create an electron donor group°. The electron-donating group resulting from the H*
ions' protonation can transfer electrons to Cr(V1) to reduce it into Cr(111). The Cr(l1I) could
remain in the aqueous solutions or form complexes with binding groups of the
bioadsorbents®?!. The reduction of Cr(V1) to Cr(lll) is also mentioned in the literature to

322

remove chromate ions using bioadsorbents3?? such as chitosan and coir fibre3%,

1.6.3 The ion-exchange mechanism for metal ions removal from the aqueous

solution

lon exchange is one of the fundamental mechanisms involved in metal ions removal by
using the materials containing non-toxic metal cations or anions, which could exchange
with toxic heavy metal cationic or anionic species. Hydroxyapatite and zeolites are well-
reported materials using the ion-exchange mechanism to remove toxic heavy metal cations
such as Pb?*, Cu?*, Cd?*, Zn?* and anions such as arsenate ion.

The Ca?* ions present in the apatites are favoured as adsorption sites for the metal cations
using the ion-exchange mechanism. The Ca?* ions are exchanged by the metal cations (Pb?*,
Cd?*) when they are removed from solution using the hydroxyapatite or HAp-based
composites. Similarly, the metal cations in the zeolites, such as those of sodium, calcium
and potassium, are the potential sites of removal for metal cations by ion exchange.

For removing heavy metals from industrial effluent, ion exchange is another very efficient
and essential mechanism. For ion exchange purposes, a solid material must be used with
ion exchange sites for either anions or cations through interaction with the targeted ions for
removal. lon exchange formally occurs by an ion of identical valency being released on
acceptance into the resin’s site of the "pollutant ion", so preserving net neutrality in solution.
As stated above, calcium hydroxyapatite can remove heavy metal ions by exchanging
calcium ions (Ca?*) with heavy metal cations in the crystal lattice of HAp. lon exchange

between calcium and lead ions has been studied, and equimolar ion exchange was observed
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by measuring the concentration of released calcium ions and consumed lead during all
reaction times'%®. However, hydroxyapatite can also exchange out anionic species through
replacement with OH" or orthophosphate ion. A study reported removing copper, cadmium,
lead and iron ionic species by using synthetic hydroxyapatite. The exchange of calcium
ions with these metal ions was reported as a mechanism for heavy metal removal, which
was concluded due to an observed increase of calcium ion concentration in solution during
the experiment3?4,

Synthetic and natural zeolites are well-known adsorbents for removing heavy metal ions

by ion exchange®®

. These materials possess negatively charged tetrahedral SiO4 and AlO4
groups, which effectively remove cations through ion exchange. Natural and synthetic
zeolites have been studied as removal agents for Cd(ll), Cu(ll), Zn(I1), Ni(Il) and Cr(\V1)
ion species, and results have shown that synthetic analogues of these zeolites have a higher

removal efficiency compared to natural zeolites®?®

. This is due to synthetic zeolites' higher
H* exchange capacity and cation exchange capacity, which results from their lower Si/Al
ratio (1.7) compared to natural zeolites (4.8). Studies have shown that zeolites with lower

Si/Al ratios exhibit greater adsorption capacities®?.

The presence of harmless
exchangeable ions (sodium, calcium, and potassium ions) makes zeolites suitable for
removing heavy metals from wastewaters as these exchangeable ions are found naturally
in waterways. The selectivity order of clinoptilolite was studied for a series of heavy metal
ions for their removal, and it was found that the order of ion removal efficiency was as
follows: Pb?*>Cd?" > Cs™> Cu?*> Co?*> Cr¥*> Zn?*> Ni?*>Hg?* 3%/,

There are different methods to interpret the adsorption mechanisms involved in the
adsorption of metal ions when composite adsorbents are employed in water treatment
systems to remove metal ions. One of the most studied and the most relied on methods is
adsorption modelling, which involves fitting different adsorption models on the
experimental data to interpret the adsorption behaviour of metal ions in adsorption systems.
The following section discusses the adsorption models which are commonly used in
composite adsorption systems for the evaluation of the mechanism involved in metal
adsorption and also provides the ground for the selection of adsorption models which have
been employed in this study to fit the experimental data of metal ions removal on the

composite adsorbents.
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1.7 Adsorption Modelling

The adsorption process is the fundamental technique applied using the low-cost synthesised
composites for the heavy metal ions removal from the aqueous solutions in this study. It
has been mentioned earlier (section 1.4.1) that adsorption could involve different
mechanisms for the removal of the heavy metal ions mechanisms, such as the
chemisorption (formation of new bonds), and the physisorption (by VVan der Waals forces)
and ion-exchange. The understanding of the adsorption mechanism is important for the
design of the adsorption systems for the efficient application of wastewater treatment plants.
Different methods have been employed to explore the possible mechanism of adsorption
involved in the removal of heavy metal ions. These methods include the characterisation
of adsorbent materials before and after the adsorption process, density functional theory,
the molecular dynamics study33? (using a computer simulation program) and the adsorption
modelling of the experimental data of adsorption, which is recorded at adsorption
equilibrium®®, Among these methods, the adsorption modelling of the experimental
adsorption data is the most common and widely used method, which also can assist in the
evaluation of the removal efficiency of adsorbents (by some models) by calculating the
maximum adsorption capacities of the adsorbent materials.

Adsorption modelling involves the application of different adsorption isotherms to
elucidate the mechanism of metal removal or metal adsorption by adsorbents. When an
adsorbent is employed in a solution, sorbate molecules (metal ions in this study) adsorb at
the surface of the adsorbent depending upon their concentration present in the solution at
a constant temperature. A graphical representation of this adsorbed quantity of sorbate in
the solid phase (mg g* or mmol g*) vs sorbate quantity in the solution phase (mg L™ or
mmol L) is called adsorption isotherm or adsorption isotherm. This isotherm is typically
used to calculate the efficiency of adsorption. At equilibrium, a certain amount of adsorbent
(9) adsorbs a certain amount of sorbate (mg) for a particular concentration of adsorbate
(mg L) for a constant volume of solution (L)3*.

Several adsorption isotherms have been reported to model the adsorption data, including
the Langmuir, the Freundlich, the Temkin, the Sips and the Brunauer, Emmet and Teller
(BET) models. These models are classified depending upon their isotherm shapes or the
number of parameters calculated. However, this is not an effective way to classify these

models, as the classification is not enough to describe the adsorption mechanism. For

49



instance, the Langmuir and the BET adsorption models are classified as two-parameter
models. The Langmuir is used to mention chemical adsorption (monolayer adsorption),
and the BET mostly involves physical adsorption®?.

Most of the adsorption models are empirical, such as the Freundlich isotherm model, the
Temkin and the Sips isotherm models, which lack theoretical support to describe the
adsorption mechanisms in the adsorption systems. Each adsorption model has its
limitations, which limits its applicability to a wide range of adsorption systems. The
physical meanings of the adsorption isotherm parameters offer a way to comment on
possible adsorption mechanisms. The isotherm parameters are calculated by using the two
methods.

The first one is the linear regression method applied using the linearized form of the
adsorption isotherms. It is the simplest and most convenient method used extensively in
published papers to report the adsorption mechanisms.

The second is the non-linear regression method, which employs the Microsoft Excel
solver add-in using non-linear regression functions (error functions) to calculate the
adsorption isotherm parameters. It is relatively more complex than the linear regression
method and considered more reliable to calculate the accurate values for the isotherm
parameters.

The linear regression is reported as a biased method that can cause errors in the estimated
adsorption data. The actual model equation is converted into its linearised form, which
possibly affects the dependent and independent variables of the model. In contrast, non-
linear regression was found to report relatively more accurate calculations of the estimated
isotherm model’s parameters.

The following sections describe the different isotherm models, including the two-parameter
isotherm models (e.g., the Langmuir and the Freundlich) and the three-parameter isotherm
model (e.g., the Sips model). Both the linear and non-linear forms of the isotherm models
have been given. However, the Langmuir and the Freundlich isotherm models were used
in this study's experimental data due to their applicability to the vast variety of adsorption
systems. Considering this study's extremely large data sets, only two models were selected
to explore the possible adsorption mechanisms involved in heavy metal ion removal using

the synthesised composite systems.
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1.7.1 Langmuir Isotherm

The Langmuir isotherm is one of the most applied adsorption models used to describe the
adsorption behaviour of adsorbents in adsorbent systems. It was initially established by
Irving Langmuir (1916) to define the adsorption of gas at specific, confined sites of an
adsorbent as a function of pressure and has been employed to explain both chemical and
physical adsorption. It assumes monolayer formation of sorbate molecule on the
homogenous surface of adsorbent by interacting with one active site of adsorbent with one
molecule of sorbate®®. It also holds that adsorption energy is constant, and there is no or

negligible interaction between adsorbate molecules. The following equation applies:

_ K1 QmaxCe

= 1-16
9= 11K, (1-16)

Where ¢ is the experimental quantity of adsorbate at equilibrium (mg g*), Ce is the
adsorbate concentration in solution at equilibrium (mg L™); gmax (mg g*) and K¢ (L mg™?)
are the Langmuir constants related to estimated adsorbate quantity at equilibrium (mg g)
and affinity between sorbate and adsorbent, respectively. There are two constant quantities
(parameters) calculated with the Langmuir adsorption isotherm (i.e., gmax and Ky),
classified as a two-parameter model in the literature studies.

Equation 1-16 is used to calculate the Langmuir isotherm parameters using non-linear
regression functions (error functions) as given in appendix 1A (section 1.3A).

The different linearised forms of Langmuir isotherm derived from equations 1-16 to
represent and interpret model constants are given below in Table 1-7 3%, These forms are
used in the literature studies to calculate the parameters by a simple linear regression
method using Excel. However, these methods to calculate the Langmuir isotherm
parameters have been reported to produce biased and inaccurate results and the % errors

were calculated to be up to 40% using these linearized equations (linearisation methods)3'.
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Table 1-7: Different linearised forms of Langmuir isotherm model

Isotherms Equation Linear Form Plot
Langmuir | qm K Ce 1 1 1 1 : 1
Ga-m" e e . | S — VS.
Lt [\L(‘e' e (’llthCe' qm qv (Je-
Langmuir 2 amK,C, € | 1 C, )
Qe = T i iy F - — vs.C,
l T ’\L{‘v qr‘ qm qrul\l. (],-
Langmuir 3 qmK.Ce 1 q. 9
. qe = L I: é e = _flf'{' 4m Qe VS =
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4 ir K;C, de . . e
Langmuir 4 g, = M — = —K,q. + 9. K, = Vs.qe
1 + "L(-'U (“u‘ e
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q,, == a4 e Tl [\qull__ 1‘[_ - VS.—/—
1+ K,C, G Qe G, Qe

The Langmuir constant (Ky) is used to calculate a dimensionless parameter R which can
be used to determine the favourability of the adsorption process®®. It is given by equation
1-17:

R, = __ 1 (1-17)

(1+K,Co)

The extent of favourability of the adsorption process could be explained in terms of R
value. When the Ry is closer to zero, i.e. R <<<1, then it demonstrates a more irreversible
and more favourable adsorption process. In contrast, when the R, values approach unity, it
illustrates the reversibility of adsorption and also indicates less favourable adsorption
process. It means that when the Ry > 1, it indicates unfavourable adsorption. Hence, R
<<< 1 means irreversible adsorption, while generally 0 < R. < 1 is indicated as a
“favourable” adsorption process.
For the Langmuir isotherm model, “homogenous adsorption” is described on homogenous
surfaces on a macroscopic level. However, literature studies also show the applicability of
this model to describe adsorption on irregular or non-uniform surfaces, such as
microplastics®*®, modified minerals, shale**° and naturally sourced activated carbons®*,
which were examined using microscopic characterisation techniques.
The explanations for the Langmuir isotherm fitting on adsorption data recorded for
heterogeneous surface-based systems were supported by a good number of literature
studies. The studies have been summarized in tabular form (Table 1-8), showing the fitting
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of the Langmuir adsorption isotherm on similar composite-based adsorption systems. The
fitting of the Langmuir isotherm illustrates homogeneous adsorption of the adsorbate
molecules on these heterogeneous surfaces, which appear homogenous at macroscopic
levels but are irregular (heterogeneous) at the microscopic level.

The Langmuir model is also associated with the chemical adsorption mechanism?%. It
assumes the monolayer adsorption of the adsorbate molecules on specific adsorption sites
at the homogenous surface of adsorbents. Suppose an adsorbent system follows the
Langmuir model of adsorption on a surface; in that case, it is known that as the
concentration of metal ions initially increases from zero to higher values, the adsorption
rate of the ions on the surface of the adsorbent is first order with respect to the metal ion
concentration. As a monolayer is established on the surface of adsorbed metal ions,
adsorption slows down gradually to a constant rate so, exhibiting zero-order Kinetics with
the establishment of equilibrium. The initially faster rate of adsorption is attributed to the
availability of more significant numbers of active (empty) sites on the adsorbent. At
equilibrium, there is no more change in the adsorption capacity of the adsorbent even after
increasing the metal ion concentration, as the rate of reaction exhibits zero-order kinetics
for the metal ion concentrations at this stage. It is assumed that the adsorbate
molecules/ions have occupied all the available adsorbent sites and will not adsorb any more
until existing molecules/ions leave the surface (i.e., they exhibit a “waiting effect””). Hence
after a certain amount of time allowed for adsorption on the composite samples, the
equilibrium concentration measured in solution represents the situation where the rate of
adsorption = the rate of desorption of the metal ions. The model is considered one of the
most reliable adsorption isotherm models, which has the theoretical background to explain
the physical meanings of the parameters and provides reasonable derivations. So, the
Langmuir isotherm model was selected for the adsorption modelling of the experimental

data in the present study.

1.7.2 Freundlich isotherm

Freundlich discovered a possible relationship between adsorbed sorbate and the sorbate
concentration at equilibrium in 1906 while investigating material adsorption in animal-

sourced coal adsorbents. He expressed this relationship in equation 1-18:
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1
de = KiCl (119

Where ge and Ce are the exact quantities described earlier in Langmuir isotherm, while Kr
and 1/n are Freundlich isotherm constants related to Freundlich adsorption and the
heterogeneity factor, respectively®*2. The linearized form of the Freundlich isotherm is

given as follows:
1
log q. = log kg + - log C, (1-19)

A plot of log Ce vs log ge was used to calculate 1/n and Kr by slope and intercept of the
graph, respectively. The Freundlich adsorption isotherm is one of the most commonly used
adsorption models, which is used to represent non-linear adsorption described as a two-
parameter model due to the two parameters calculated using this model (1/n and Kg).

As described above, it has been considered as an empirical isotherm model that lacks the
theoretical background to support the physical meaning of the parameters. In several
research articles, it was used to represent the multi-layer adsorption on heterogeneous
surfaces®#3345, Adsorption intensity or surface heterogeneity is measured by a slope that
lies between 1 and 0. The more the value of 1/n closer to zero indicates more heterogeneity
of the surface. 1/n is also regarded as the measure of favourability of the isotherm. Suppose
the value is 0 < 1/n <1 it shows the favourability. If 1/n is equal to zero, it is irreversible,
and if the value is > 1, it represents the unfavourable condition of isotherms3#. The value
of Kr (Freundlich constant) is used to estimate adsorption capacity (mg g1)3*.

The Freundlich isotherm is a commonly employed adsorption isotherm reported in most
adsorption studies conducted to report heavy metal ion removal. Hence, it was also used to
fit the adsorption data collected in the heavy metal ion adsorption systems in the present

study, along with the Langmuir isotherm.

1.7.3 Sips Isotherm

The Sips isotherm, also known as the L-R isotherm, is a hybrid model which combines the
Langmuir and Freundlich equations to explain the adsorption on homogenous or

heterogeneous surfaces®>3#., It is considered the most applicable 3-parameter adsorption

54



isotherm for monolayer adsorption of adsorbates on the adsorbent surface34°-32, |t also
overcomes the drawback of the Freundlich isotherm related to increased adsorption
capacity by increasing the sorbate concentration through the incorporation of finite
adsorption for a sufficiently high concentration of adsorption. At low sorbate
concentrations, it is predicted to be a Freundlich adsorption isotherm illustrating monolayer
adsorption on a heterogeneous surface. In contrast, it is supposed to indicate monolayer
adsorption on the homogenous surface (showing Langmuir adsorption behaviour).

1

k cn
qe — sqmax :(13 (1_20)

1+ kCh

In the above equation, where Qge, gmax and Ce are the same quantities described earlier for
the Langmuir adsorption isotherm (Eg.1-16), while Ksand 1/n represent the Sips adsorption
model constants. The Sips isotherm model has the potential to be employed to explore the
adsorption behaviour of the composite systems of the present study. The plots showing the
fitting of the Sips isotherm on the adsorption data of metal ions for the CH/HAp/Zeolite
composites are included in appendix 4, which indicates the applicability of the Sips model

to these composites systems.

1.8 Adsorption Kinetics

Adsorption kinetics also has been used as a tool to predict the adsorption mechanisms of
metal removal systems. The kinetic models which are generally employed to investigate
the adsorption are given below. Like adsorption modelling, the non-linear regression
method was used to do kinetic modelling of the kinetics data collected for heavy metal ion
adsorption on the synthesised composite systems investigated in this study. The four non-
linear regression functions (also called the error analysis functions) were used and given in
Equations 1A to 1D (Appendix 1, section 1.3).
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1.8.1 Pseudo-First Order Kinetics

In 1898, Lagergren described the rate of adsorption of a solute from a liquid solution by

expressing an equation known as pseudo-first-order (PFO) kinetics, and its non-linearized

and linearized forms are represented by the following equation®?:

qr = q.(1 — exp~*at t) (1-22)

t (1-22)

log(qe = qc) = 10g(qe) — 55
In the above equations, Kk is the rate constant of the pseudo-first-order kinetics model, ge
and q: are adsorption capacity (mg g*) at equilibrium and at a time "t". A graph of log (e
— Q) vs "t" should give a straight line to allow calculation of the ki and ge from the slope
and intercept of the graph, respectively.

If the adsorption kinetic data are well fitted by the PFO kinetic model (i.e., if R? is close to
unity for the fit), then physisorption is considered the rate-limiting step in the adsorption

process.

1.8.2 Pseudo-Second Order Kinetics

Ho and McKay *°3 expressed the pseudo-second-order (PSO) equation in 1999 by analysing
findings from 112 literature studies and providing evidence using correlation data that all
the experimental observations (from the selected studies) followed pseudo-second-order
kinetics. After the publication of the work done by Ho and McKay, the PSO kinetic model
became popular, and several studies conducted in the past years showed the dominance of
the PSO kinetic model over the PFO kinetic model, as most of the kinetic data were found
to follow PSO kinetic model to a better extent than the PFO kinetic model.

The non-linear and linear forms of the pseudo-second-order kinetic model are described as

below?33¢:

kzqgt

“AtakD (-2

qt
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(t>— ! +t (1-24)
qe/  kaq¢  q.

Where k> is the rate constant for pseudo-second-order kinetics, a plot of t/g: vs t should
give a straight line to determine ge and k2 as determined from values of the slope and
intercept of the plot, respectively. The PSO model fitted to the experimental data illustrates
that the chemical interaction is involved in the adsorption process, and the chemical
adsorption is the rate-limiting step for the adsorption process.

The present study used the non-linear regression method to fit the PSO kinetic model on
the heavy metal ions removal kinetic data on the synthesised composite systems using
equation 1A-1D. The method is described in appendix 1 (section 1.3) for the Langmuir
adsorption model, using the HYBRID error function. A similar method was used for the
kinetic models fitting to the experimental data using four different error (non-linear
regression) functions to calculate the best-fitted parameters of kinetic models. The best-
fitted model values were decided by the calculated values of R2, which lie closer to one for
the best-fitted model values.

1.8.3 Weber-Morris Intra-Particle Diffusion Model

Weber and Morris described the intra-particle diffusion model (IPD) to explain the
adsorption kinetics in 1962, which is given below:

qe = kqt®> +C (1-25)

Where q: is the amount of adsorbent in the solid phase (mg g™, kq is the diffusion constant
(mg gt min®°) of IPD and C (the intercept) is the adsorption constant for any experiment
in (mg g)®4. A plot of g; vs t is employed in different ways to explain intra-particle
diffusion.

Assingle linear line plot is used to force through the origin, assuming intra-particle diffusion
as the only rate-limiting step. A multi-linear plot explains more than one step in the
adsorption process that could be defined by adsorption boundary thickness. The value of C
gives an insight into boundary thickness as calculated by the intercept of the linear plot. A

significant value of C specifies an extraordinary boundary thickness effect®%,
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Generally, this model explains that the adsorption capacity varies with the square root of
the time (t°°), and the adsorption process is typically following more than one step (as rate-
limiting steps).

The adsorption process can include more than one step, such as boundary diffusion (film
diffusion), sorbate diffusion from solution to the adsorbent's external surface, and intra-
particle diffusion. The slowest process controls the overall rate of adsorption, while more
than one process is considered as a rate-limiting process for adsorption. Theoretically, in
the IPD model, if the intra-particle diffusion is the only rate-limiting step, then the plot

based on this model equation must be linear and pass through the origin®>®

. Most adsorption
processes have been found to follow two or three steps, with the fastest initial step, which
is attributed to bulk diffusion, followed by slower rate-limiting step(s)*®. The rate-limiting
steps could include chemical adsorption (occurring at particular adsorption sites to form
complexes) and the intra-particular diffusion in the pore spaces of the porous adsorbents.
In literature studies, three steps of the multi-linear graph are explained as follows>"-3%°:
Step 1: The bulk diffusion step, indicated by the steep line, describes the mass transfer from
liquid to the adsorbent surface. It is the fastest, giving the highest kq (rate of diffusion in
step one) value of all three steps, due to the availability of excess adsorbate molecules in
the solution and active sites on the surface of the adsorbent. The value of C (boundary
thickness) is the lowest for this step because the lowest hindrance for the sorbate molecules
is at the start of the adsorption process.

Step 2: In this step, the sorbate molecules adsorbed on the surface (in step one) diffuse into
intra-particle space to penetrate into the inner structure of the adsorbent. The value of C is
relatively higher than step 1 due to the adsorbed molecules on the surface. In comparison,
the value of kq in this step (second) is lower than in step one due to slower intra-particle
diffusion. The diffusion rate is slowed down because of interference caused by molecules
adsorbed on the surface.

Step 3 describes the last step of the adsorption process when it reaches equilibrium due to
the saturation of active sites on the surface. The intra-particle diffusion space becomes
narrow or blocked to allow more diffusion, not inside of pores. The concentration of sorbate
molecules is also decreased in the solution while reaching this stage. At this step, the C
(boundary layer thickness) is the highest due to adsorbed molecules in steps one and two,

and the Kgq is the lowest due to hindrance caused by the boundary layer thickness.
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This kinetic model is applicable and described for porous materials. The model was
included to study the kinetics of metal cation adsorption on the CH/HAp/Zeolite
composites systems (in Chapter 5, section 5.1.4), taking into consideration the porous
nature of zeolite materials.
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Table 1-8 Literature studies showing the adsorption and kinetic models fitted to the composite based-adsorption systems

Heavy metal ions

Composite systems

Best-fitted isotherm models

Best-fitted kinetic models

References

Hg(11)
Cu®*, Ni#*, Cd*

Pb2+

CU2+, Ni2+
Cr(VI)
As(l1l), As(V)
Cr(VI)

Cu?*
Cd?*

Cr(VI), Cu(ll)
cd?

Cu?*

Cu?*
Cu?t, Zn?*

Pb?*
Pb?*
CU2+, Ni2+
Pb**

Chitosan/cotton fibres
Chitosan/cotton fibres

Chitosan/Perlite
Chitosan/Perlite
Chitosan/Ceramic alumina
Chitosan/Ceramic alumina
Chitosan/Alginate
Chitosan/Ceramic alumina
Chitosan/Orange peel
Chitosan/Mesoporous
silica
Chitosan/Poly(Lactic
Acid)
Chitosan/Montmorillonite

HAp/naturalsnail
shell/chitosan

HAp/Cellulose acetate
HAp/Chitosan
HAp/Lignin/Alginate
HAp/Chitosan

Langmuir & Freundlich
Langmuir & Freundlich

Freundlich
Langmuir & Freundlich

Langmuir
Langmuir, Freundlich
Langmuir, Freundlich
Langmuir
Langmuir

Freundlich
Freundlich

Langmuir

Langmuir
Langmuir & Temkin

Freundlich
Elovich
Langmuir
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PSO
PSO

PSO
PSO

PSO
PSO

PSO
PFO

PSO

PSO
PSO

PSO
PFO &PSO
PFO
PSO

360
361

161

164
362
363
364

365

204

366

367

111

368

369
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Cu?", Pb* HAp/Bisphosphonate Langmuir - o
As(V) HAp/Cellulose Langmuir PFO 3
Cr(VI) HAp/Cellulose Langmuir PSO 373
Pb?* HAp/Activated carbon Langmuir, Freundlich 374
Pb** HAp/Calcium silicate Langmuir PSO .
Pb 2*, Ni%*, Co** HAp/Chitosan Langmuir PSO 82
Cu?*, Zn?*, Cd** Pb?* HAp/Cellulose Langmuir 3 376
Ccd? HAp/Chitosan Langmuir PSO s
Pb?* HAp/Polyurethane Langmuir PSO e
Pb?* HAp/Polyacrylamide Langmuir PSO .
Pb 2*, Ni?*, Co?* HAp/Chitosan Langmuir, Freundlich PSO 380
Pb?* Langmuir, Freundlich PSO 381

HAp/Magnitite

PFO = Pseudo-first order kinetic model
PSO = Pseudo-second-order kinetic model
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1.9 Significance of the selected feedstock materials and this research

Heavy metals, by nature, are non-degradable and hence persistent in the environment.
Moreover, they are easily soluble and able to make their way to cells in organisms. The
real threat to ecosystems is imposed by the entry of these contaminants into the food chain.
Globally, pure water availability is becoming crucial over time and with its increasing
demand due to an expanding global population. Thus the re-use of industrial wastewater
before its discharge into any local water body using efficient strategies to reduce heavy
metal contamination is an important research goal in the water treatment and purification
field32,

As mentioned above, globally, water demand is predicted to increase significantly over
the coming decades. In addition to the water demand from the agricultural sector, which
is currently responsible for 70% of water extractions worldwide, large increases in water
demand are predicted, particularly for industry and energy production. The above
estimates support the often-cited approximation that, globally, it is likely that over 80%
of wastewater is released into the environment without adequate treatment. Inadequate
wastewater management also directly impacts ecosystems services (such as food and
water availability)®. Discharge effluent from industrial and agriculture activities are high
in volume so that heavy metals, including organic compounds and some effluents, can be

329 It has been

disposed of without proper treatment. This directly impacts water quality
estimated that two-thirds of the world’s population may face water shortages by 2025,
and the impacts of this shortage could be even worse for ecosystems (Worldwide Fund,
WWEF). There is a growing recognition of using wastewater as a water resource for
different sectors. A shift in using treated wastewater in different sectors, such as for
agricultural purposes rather than discharging it as a by-product, is growing®. By paying
serious consideration to the above-mentioned environmental problems, it will be crucial
to treat wastewater for ensuring the quality of surface and groundwater. Additionally,
treated wastewater may provide a source to reuse in industrial and agricultural industries.
Cost-effectiveness is the most important parameter before the application of any method
for water treatment. This is especially so if it is to be used on a large scale. Among all
available options, the use of inherently low-cost materials is hence the best option for
water treatment. For this purpose, agricultural or industrial by-products can be very

promising sources for developing materials/material composite for water treatment. This
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is because the management and repurposing of industrial and agricultural by-products are
also serious environmental problems in every developed and developing country of the
world.

There is a drive towards sustainability, developing processes that solve present problems
without compromising future generations. One valuable opportunity to repurpose these
by-products is by using these materials to develop products which may be reused to solve
another environmental problem issue. Globally, 6-8 million tonnes of marine by-products
are produced, in which Southeast Asia alone accounts for 1.5 million tonnes. In developed
countries, the management of seafood waste is expensive, with its costing up to US$150
per tonne in Australia, while in developing countries, it may, unfortunately, be dumped
in landfills or at sea. The extraction of useful materials (such as chitin) from these marine
by-products will be one good solution to waste disposal®®. In other areas worldwide, 5 to
6 million tonnes of coconut fibre are produced yearly, with only 10% of this amount
having been used commercially and the remainder being discarded into the
environment3!,

So, the use of materials derived from marine by-products or even agricultural sources
would not only be desirable from a cost viewpoint but will also help to mitigate
environmental impacts. As described in detail in the literature review section, these
materials can serve as effective adsorbents for the removal of heavy metals from water.
The chemical structure of these materials supports adsorption and ion exchange processes,
especially heavy metals and their effectiveness, it is believed, may be increased by
developing innovative composites of these materials and applying them in different
operating systems under different conditions. It is hypothesized that these materials could
constitute an effective method of water treatment due to the enhancement of metal ion

removal abilities by the several mechanisms that would exist in the composite.

1.10 Aim of this study and the overview of synthesised composite

materials

More broadly, this study was based on one fundamental aim, i.e., "the removal of heavy
metal ions using low-cost adsorbents”, which was achieved by selecting low-cost

materials with the potential to remove heavy metal ions. Afterwards, the composite
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matrices using the candidate materials were synthesised to evaluate the removal
efficiencies of the composite materials.
The commercially supplied hydroxyapatite (cHAp) was added to commercially sourced
chitosan to make a chitosan/HAp (CH/cHAp) composite (the first composite considered
for this study), and it was expected that the HAp (commercial) would enhance the removal
ability of the chitosan. It was evaluated by comparing the removal efficiency of the
chitosan (from literature studies) with the CH/HAp composite (present study). This two
component-based composite system (CH/cHAp) was used as a composite control system.
As described earlier, animal bone sourced HAp (bHAp) can be used in place of
commercial HAp, as literature reported using bio-sourced HAp in the water treatment
systems. Hence, another chitosan and HAp based composite was synthesised using the
bovine-derived HAp (bHAp), and this composite (CH/bHAp) was used to compare with
the CH/cHAp composite for the adsorption of metal ions.
As the literature studies reported the use of chitosan/HAp (for commercial HAp)
composites for the removal of heavy metal ions, but no study reported the use of bovine-
sourced HAp in combination with chitosan to remove heavy metal ions, this was hence
selected as a unique combination for application as a heavy metal ion removal system.
Additionally, the third component (as a discrete phase) was added to CH/HAp (either
CH/cHAp or CH/bHAp) composites to make novel combinations of the composites. The
selected combinations (mentioned below) were not reported earlier in the literature for
heavy metal ion removal. It was hypothesised that the addition of the third component
(e.g., coir, fibre, SCGs or zeolite) into the CH/HAp composite would help to improve the
removal efficiency or improve the applicability of the composite by providing stability or
mechanical strength to the composite. The detailed synthesis and characterisation of two-
component-based and three-component-based composites are given in the upcoming
chapter (Chapter 3). For the overview of these composite systems, the following
combinations were selected and synthesised to remove the metal ions from the aqueous
solutions.

0] Two-component composite systems containing chitosan and hydroxyapatite only
(termed as control composites), which included Chitosan/commercial
hydroxyapatite (CH/cHAp) and Chitosan/bovine-derived hydroxyapatite
(CH/bHAP)
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(i)  Three-component composite systems were synthesised by adding a third
component into the CH/HAp based control composites, either using CH/cHAp or
CH/bHAp. The materials added as a third component included coir fibre (CF), spent

coffee grounds (SCGs) and zeolite.

The combinations for base-3 component composite systems are given as:
e CH/HAp/CF

e CH/HAp/SCGs

e CH/HAp/Zeolite

In this way, two sets of 3 component composite systems were formed as:

» cHAp-based composites using commercial hydroxyapatite and for these systems,
CH/cHAp (base-2 component system) would be considered as composite control
systems

» bHAp-based composite systems using the bovine-sourced hydroxyapatite: For these
systems, the CH/bHAp would be taken as control composite systems to compare the

removal efficiencies for metal ion removal.

As mentioned earlier, the choice of these combinations was made after carrying out the
literature review to fulfil the fundamental aims of this study, which include using low-
cost materials to effectively adsorb heavy metal ions from an aqueous solution. The
following section also includes a justification of the selected combinations, which also
aligned with the fundamental aims of this study.

Overall, this research aimed to provide environmentally sustainable and economically
feasible solutions to remediate water pollution to target heavy metal removal. It focused
on developing effective material composites with their adsorption or ion-exchange
capacities for selected heavy metals (i.e., Pb, Cd, Cr, Cu) being optimized. It was of
interest to develop economically viable materials and provide a means to utilize
customarily discarded industrial and agricultural by-products. The key goals of this study
could be summarised as follows:

Adsorption: Adsorption is a popular technique used for wastewater treatment, as
discussed above in detail. The study is aimed at the adsorption process used to remove
the heavy metal ions from the aqueous solutions. Polymeric materials (e.g., chitosan) and

lignocellulosic materials (e.qg., coir fibre, spent coffee grounds) are known to be very good
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adsorbents that were selected to synthesise the composite materials for the adsorption of
the heavy metal ions. Previous studies have given special attention to the potential of
biopolymers such as chitosan in various applications, including heavy metal ions removal.
Similarly, other candidate materials selected for this study can also adsorb heavy metal
ions.

Waste management: Responsible management of waste/by-products from various
industries is needed to avoid their careless disposal into the environment leading to
pollution. For instance, global seafood markets, including the processing of lobsters,
crabs, crayfish, crabs, and prawns, discard 50% of their shell waste, which adds up to
millions of tonnes of waste that annually end up in the environment!4®. Using these by-
products to produce valuable materials helps manage this environmental waste and create
more sustainable processes.

Low-cost materials: The precursor material cost and the cost of operation for applying
adsorbents for water treatment are key parameters. When making adsorbents for
application, the selection of materials must consider the environmental consequences;
therefore, agricultural or industrial by-products were considered the most suitable
materials as these by-products would have been discarded into the environment anyway.
Hence, using industrial by-products would be a double advantage, one being their
relatively low cost and the other being a repurposing of the material to prevent its

pointless disposal into the environment. Additionally, disposal costs would be spared.

1.11 Experimental Set up for the removal of metal ions using the

adsorbent systems

The removal experiments are conducted in different experimental setups in the literature
studies. The batch adsorption experiments using the model solutions of metal ions, or the
original wastewater/environmental samples are extensively used in the laboratory setup.
For this, different experimental parameters are studied to evaluate their effect on the
adsorption efficiencies of the adsorbent systems. One parameter (as an independent
variable) is regulated or controlled by keeping all other parameters constant.

Batch experiments using the model solutions could be conducted using different
compositions of solution. For instance, the model solutions could contain a single metal-

ion type, containing only one metal ion type, to evaluate the effect of different
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experimental parameters on the removal efficiencies of the employed adsorbent systems
for that particular (one) metal ion. Similarly, the solutions containing two or three metal
ion types were prepared to evaluate the competitive adsorption of these metal ions on the
adsorbent systems. Similarly, multi-metal ion-type solutions have also been employed
in the literature studies to evaluate the competitive adsorption of the metal ions on the
given adsorbent systems.

In the present study, the batch experiments were conducted using the one metal ion type
solution, containing only one type of metal ion (e.g., Cd?* or Pb?*), and two-metal ion
type solution (containing two metal ions in equimolar concentration) to evaluate the
removal efficiencies of the employed system. After carrying out the experiments using
the single-metal ion type and two-metal ion type solutions, it was desired to test the
performance of the composites by exposing them to an industrial type of solution
consisting of three co-dissolved heavy metal species of relevance to the wood treatment
industry. The sample supplied was not a sample of wastewater from the company but the
actual input stream (i.e., before it was exposed to the wood). This, nevertheless, was
regarded as a suitable mimic for an industrial wastewater sample, except that the
concentrations of heavy metals present were higher than they would have been due to
non-exposure to the wood. The other aspect of the sample was that it contained a metal
that had not previously been tested in the solutions containing either one or two metal ion
types (as it was not available as an element for analysis by AAS). This was arsenic
(present as the arsenate ion).

The definitions of the three sampling scenarios are given below:

1.11.1 Single-metal ion type solution systems

A system having only one metal ion type (e.g., Cd?") dissolved in it to evaluate the
removal efficiency of each composite is described as a “single metal ion type system” in
this study. The single metal ions covered in these experiments include the divalent cations

of Cd?*, Pb?* and Cu?*) and the anionic system containing Cr (as chromate ion).

1.11.2 Two-metal ion type solution systems

The system that contained both the divalent metal cations of (Pb?* and Cd?*) in equimolar

concentrations was termed a two-metal ion type system.
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1.11.3 Industrial input stream sample system

This system was an industrial input stream sample that was kindly provided by a company
that subjected wood to the copper chrome arsenate treatment. The solution effectively
represented an environmental sample containing three co-dissolved three metal ion types.
This was used to evaluate the utility of the synthesised composites to treat such solutions
where competitive metal adsorption would be taking place.

This study is based on the adsorption process, which is modelled using different
adsorption models. The following section describes the theoretical background and
justifications for using the adsorption and kinetic models employed in the current study
to explain the adsorption behaviours.

1.12 Summary

Global population growth has resulted in an increase in agricultural activities,
industrialisation and urbanisation and ultimately increasing pressure on water resources.
There is a need to treat wastewater arising from industrial processes by using low-cost
and eco-friendly methods, as this water could be reused as a conventional source of water
in different sectors like agriculture.

Heavy metal ions are one of the most persistent and toxic water pollutants. They are
associated with the risk of bioaccumulation and cancer. Wastewater containing these
heavy metal ions could be treated to remove them so that they may be reused in, say, the
agricultural sector. Different conventional methods are used to remove metal ions, mostly
linked with high energy consumption and cost. Adsorption is considered one of the most
effective, simple and low-cost methods to treat wastewater for heavy metal ion adsorption.
Agricultural and industrial by-products have been used as a low-cost feedstock material
to make composite adsorbents for the removal of metal ions. Among these by-products,
biopolymeric and lignocellulosic materials have been employed in water treatment
systems for the removal of metal ions and are found to be potential materials to remove
metal ions from water.

In the present study, after an extensive literature review was carried out on the above
theme, chitosan, coir fibre, spent coffee grounds, and zeolites were selected as low-cost
feedstock materials to synthesise composites that could be used to remove metal ions

from wastewater by adsorption processes. The chemical compositions (functional groups
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such as amino and hydroxyl groups) and physical properties (e.g., the higher surface area)
of these materials have been demonstrated to have a high potential to remove the metal
ions. Hydroxyapatite is an effective material for removing metal ions, as discussed in
many literature studies. It was chosen to make composites with the selected feedstock
materials in this study for use in water treatment systems for the removal of metal ions.
In this study, two types of composites were prepared; the first type was two-component
composite systems, which included only chitosan and hydroxyapatite. The second type
was a series of three-component composite systems where the third component was
chosen from coir fibre, spent coffee grounds or zeolite and combined along with chitosan
and hydroxyapatite in a composite. The two-component composite systems were
considered as a control composite system to evaluate their potential to remove heavy
metal ions from the solution, while the third component was added to this system to
evaluate whether the additional component would enhance the removal efficiency of the
control composite.
Further, each composite system (i.e., the two-component or three-component composite
systems) was synthesised using two types of hydroxyapatites, from either a commercial
source(cHAp) or from a bovine-derived source (bHAp). These were prepared to compare
the removal efficiencies of the cHAp-based and bHAp-based composite systems.
Based on the chemical composition of the feedstock materials, metal-ligand complexation
and ion exchange were considered the dominant mechanisms for the adsorption of metal
ions. Additionally, different adsorption and kinetic models were also considered to fit the
experimental data to demonstrate the adsorption behaviours exhibited by the metal ions
when adsorbing on the synthesised composite adsorbent systems.
After selecting the feedstock materials, characterisation using different microscopic and
spectroscopic techniques was carried out to determine their physical and chemical
attributes, which assisted their characterisation when combined with the other materials
in the composite systems. The next chapter comprehensively explains the methods used
in the material characterisation and discusses the results of the characterisation of the

selected materials.
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Chapter 2
Raw Materials making up the Composite
Matrices: Their Sources, Processing and

Characterisation

The selected raw materials were initially characterised by a suite of instrumental
techniques to provide a molecular fingerprint to aid comparison between the raw
materials and when they were incorporated into the resulting composites. This chapter
hence solely explains the methods and procedures of characterisation used to characterise
the raw materials (and composite adsorbents in the next chapter) and discusses the results
of such characterisation to set a foundation for discussing the characterisation of the

composite adsorbents in Chapter 3.

2.1 Introduction

When considering the raw materials making up composites, several properties such as
chemical composition (functional groups), the nature of materials employed (be they
crystalline or amorphous), and surface characteristics all play a fundamental role in
synthesising composites. It is essential to consider their suitability and efficiency when it
comes to the uptake of heavy metals (see Chapter 1). Some source materials may require
additional chemical or physical modification when they are used in a composite synthesis
to produce the best possible composite matrices for water treatments. Physical changes
may take the form of grinding, for instance, to achieve smaller particle sizes and to
increase the surface area available for adsorption. It has been shown by Raghavendra et
al.® that the hydration properties of coconut residue (coir fibre) improved after grinding,
possibly due to the expected increase in surface area and pore volume®®2. This
modification hence made these fibres an attractive candidate for employment in water
treatment technology, where their efficiency in adsorbing heavy metal ions was expected

to increase. Similarly, in Chapter 1 (section 1.5.3), it was discussed in detail how the
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chemical and physical modifications of materials from past studies helped to improve
their metal removal capacities.

The research described in this thesis employs six different raw materials, which are
examined and characterised further in this chapter. These raw materials were considered
in combinations (scheme of combination given in Chapter 1, section 1.8)) to make
composite matrices with hydroxyapatite that were then tested to assess their adsorptive
abilities for removing heavy metal ions from aqueous solutions (dealt with in Chapter 5).
Most of the raw materials used in syntheses of composite systems were employed as
received without modification or processing. However, some materials did require some
simple processing, such as washing, drying, and grinding.

In addition, to discussing the experimental details of the raw materials used in composites
in this study, the various instrumental techniques used in the characterization of materials
in this chapter and subsequent chapters will also be introduced. Given the instrumental
techniques used for characterization are highly standard in materials science
characterization, only a brief introduction to these has been made. In general, these
methods include scanning electron microscopy (SEM), elemental analysis by energy-
dispersive X-ray spectroscopy (EDX), Thermogravimetric analysis (TGA), Fourier
transform infrared spectroscopy (FTIR) and powder X-ray diffraction (XRD).

2.2 Experimental details of the raw materials used in this study

2.2.1 Chitosan

Chitosan (referred to as CH for composite identification) was purchased from TCI (Tokyo
Chemical Industries, Japan). In appearance, these were white to light yellow, flaky

crystals with a stated degree of deacetylation > 80%.

2.2.2 Hydroxyapatite sources

The hydroxyapatite used in these studies came from two sources. One was a commercial
powder, while the other had been supplied as received from a previously conducted
science project in which New Zealand cattle bone had been converted to hydroxyapatite

by using a thermal calcination method.
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2.2.2.1 Hydroxyapatite (Commercial) powder (cHAp)

Analytical grade "Fluka" hydroxyapatite synthetic powder (purum p.a > 90%) was
purchased from Sigma-Aldrich. The powder is referred to as cHAp in this study.

2.2.2.2 Bovine-sourced hydroxyapatite (0HAp)

The HAp sourced in this study was existing pre-processed material in the laboratory in
the School of Science, University of Waikato. This material was prepared in a previous
project involving thermal calcination of the defatted crushed bone (sourced from cattle
bones obtained from an abattoir) in a muffle furnace at 1000 °C, which burnt out the
collagen-producing a white crystalline powder with some visible specks of char present.
It is referred to as bHAp in this study.

2.2.3 Coir Fibre (CF)

Coir fibre (CF) was purchased from a local hardware store “Mitre 10” in Hamilton, New
Zealand. The material consisted of brown-coloured, lightweight fibres and had originally

come from Vietnam.

2.2.4 Spent coffee grounds (SCGs)

Spent coffee grounds were collected from a commercial automatic-dispensing coffee
machine (Café Direct: c008965) located at the University of Waikato (Science and
Engineering tearoom). The grinds were further ground after drying at 50 °C when used in
composites with hydroxyapatite.

2.2.5 Zeolite pellets

The zeolite used in the study was provided by WIS Pty. Ltd. and purchased from a local
hardware store. The zeolite (obtained commercially in a sack) was identified by powder
X-ray diffraction to be mordenite, with the representative chemical formula being
Al2S110024-7H20. It was an odourless granular solid with specification sheets stating it to

have less than 10% crystalline silica and a specific gravity of approximately 0.65 g cm™.
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2.3 Instrumental Methods used in this study

2.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a fundamental molecular characterization technique of materials in solid, liquid,
or gaseous states. When presented in various forms to the spectrometer (e.g., disks, thin
films, mulls, in gas cells or simply as-received), the samples are irradiated with IR
radiation in the mid (4000-400 cm™) IR range. Radiation of these wavelengths is absorbed
by stretching and bending vibrations undergone by the molecules which comprise the
material under analysis. Peaks detected in the IR spectrum usually represent fundamental
vibrational frequencies, with each molecule having a set of unique or characteristic
fingerprint peaks. These peaks occur at vibrational frequencies, which are sensitive to the
chemical functional groups contained within the molecule, which are well known and
extensively tabulated in the literature. IR spectroscopy is hence highly useful for
identifying unknown samples or detecting the presence of certain chemical functional
groups in different materials®®,

Experimental: All samples analysed by FTIR in the current study were recorded as
potassium bromide (KBr) disks prepared by adding the pre-ground (and dried) analyte of
interest to oven-dried KBr (Merck) (in a 1:9 sample: KBr ratio) followed by grinding to
make a fine, homogenized powder. The powder was then placed in a KBr sample die,
pressed at 7 tons pressure to prepare the semi-transparent KBr disks, which were
subsequently placed in a sample holder and scanned from 4000-450 cm™ on a Perkin
Elmer Spectrum 400 FT-Spectrometer using three scans acquired at 4 cm™ resolution
with a spectrum of the empty sample holder functioning as the background. Baseline
correction was done for each resultant spectrum using the Perkin Elmer proprietary

software, followed by peak picking.

2.3.2 Powder X-ray Diffraction (pXRD)

Powder X-ray Diffraction (pXRD) is used to gather information about a material’s
structure, phase, and texture, including other structural parameters such as grain size,
strain, and crystal defects. During pXRD analysis, a polycrystalline solid sample is
exposed to X-rays of known wavelengths which means X-rays are diffracted from the
crystal lattice existing in the polycrystalline sample. This results in characteristic

diffraction patterns consisting of peaks with differing intensities®®*. Bragg's law given as
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nA = 2dsin® can explain the patterns observed where "A" is the wavelength of the X-ray,
"d" corresponds to distances between the different planes of the crystal lattice and "0"
represents the angle of diffraction®®. To identify the phase(s) of materials examined, a
standard database (International Centre for Diffraction database ICDD) was used along
with software (known as High Score)®® that is associated with the instrument used and
which can search the database for matches.

Experimental: All powder X-ray diffractograms presented in this study were recorded on
a Panalytical Empyrean multi-purpose X-ray Diffractometer, which used Ni-filtered, Cu
Ko radiation (A = 1.5406 A), a 10 mm beam mask and a 1° anti- scattering slit. Finely
ground sample material was packed into the aluminium metal sample holders to ensure a
flat surface. The complete list of instrumental settings used is given below:

Anode Material: Cu

K-Alphal wavelength: 1.540598 A

K-Alpha 2 wavelengths: 1.544426 A

Ratio K-Alpha2/K-Alphal: 0.5

Divergent slit: Fixed (0.5) °

Receiving slit: 0.1 °

Generator voltage: 45 mV

Tube current: 40 mA

Scanning range: 26 = 5° - 100°

Scan step size: 0.026

Time per step (ms): 236.64

The resultant X-ray diffractograms were further analysed using the "Xpert-High Score
plus” software to elucidate phase or other structural information from the solid materials

examined.

2.3.3 Scanning Electron Microscopy and Energy-dispersive X-ray
spectroscopy (SEM & EDX)

SEM is a microscopy technique that uses a high energy electron beam to provide a
detailed sample image at very high magnification. Areas ranging from approximately 1
cm to 5 microns in width can be imaged in the scanning mode using conventional SEM

techniques (magnification ranging from 20X to approximately 30,000X, a spatial
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resolution of 50 to 100 nm). In conjunction with SEM, another technique called Energy-
dispersive X-ray spectroscopy (EDS or EDX) is routinely used to determine a sample’s
elemental composition. The essential working requirement for an SEM is to work in a
vacuum to prevent any interaction between air molecules and the source's electron beam.
Additionally, it is necessary to conduct electrons in the sample away from it to avoid any
charging effect at the surface, which can lead to poor image quality characterised by extra
brightness being seen in the image. Pre-coating the sample with metal like gold or
platinum helps in the imaging of non-conductive materials like polymers or ceramics (e.g.
hydroxyapatite) by providing readily conductive surfaces®’.

Experimental: All SEM/EDX analyses conducted in this study were performed using
ground, dried powders and analysed using a Hitachi S-4700 Field Emission Scanning
Electron microscope. Sampling involved applying a thin layer of powdered sample to
double-sided adhesive tape mounted on a stainless-steel sample holder, which was then
platinum coated to reduce charging whilst under the beam. Additional analysis for
hydroxyapatite was conducted without the platinum coating to allow a more reliable
measurement of the Ca:P ratio without interference from Pt signals. Different
accelerating voltages (5 to 15 keV) and working distances (10 to 15 mm) were used to
take images. EDX analysis of the powdered samples was always done using high voltage
(15 keV) at a constant working distance of 15 mm. The method of EDX analysis used
was standardless. Several EDX analyses (at least three) were acquired by randomly
targeting different sites of the same sample to obtain a more reliable estimation of
elemental percentages and to overcome the limitations of this analysis, such as the use of
a small sample, surface interactions (i.e. effects of roughness in sample surfaces) and

accelerating voltages that could produce different results338:38°,

2.3.4 Thermogravimetric Analysis (TGA)

TGA is used to determine the thermal stability of materials by measuring the recorded
loss in weight of the material as a function of temperature or time. A TGA instrument has
two modes of operation, depending on whether time or temperature measurements are of
interest. When time is selected as a function, it is called the “isotherm thermal mode”,
and "scanning mode" is the terminology used when the temperature is chosen to
determine weight losses. When TGA is performed under programmed conditions, weight

losses can explain or determine various thermal events occurring within the sample, such
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as dehydration, oxidation, reduction, vaporization, and sublimation. Additionally,
thermograms can also be used to describe multiple gaseous losses from materials. The
types of material examinable by this technique are polymers and biopolymers,

nanomaterials, fibres, films and coatings3®.

Weight loss (%)

Plateau

Temperature (°C)

Figure 2-1: A typical thermogram with a single weight-loss event

A typical thermogram shown in Figure 2-1 represents weight loss (%) as a function of
temperature, indicating a single decomposition event. T1 is the initial temperature where
the decomposition starts, and T2 is the final temperature where it ends. The observed
plateau shown in Figure 2-1 denotes a constant line region after the decomposition event,

which occurs when no further weight loss to the material under examination occurs.

Experimental: In the present study, all the materials (be they raw or composite materials)
were thermally analysed at different temperature ranges from 30 °C to 1000 °C under an
air environment using PerkinElmer 8000 TGA analyser. About 20 mg of powdered
sample was placed in the sample holder and placed in the sample holding pan. The
analysis was done using a scanning speed of 10 ° C min™.

One of the effective ways to interpret the TGA data is the “derivative curve of TG”,
otherwise known as the DTG curve®¥13%2, The first derivative of % weight loss is
calculated using OriginPro software 2021 (version 9.8.0.200), and the derivative data are
then plotted against temperature. This highlights better the thermal events in TGA
analyses of materials.
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2.3.5 Specific Surface area estimation using the Mastersizer

In addition to the above characterisation methods, an estimation of the specific surface
area of powdered raw materials and synthesised composite adsorbents was done by using
the Malvern Mastersizer. This instrument uses a laser diffraction method (LDM) to
measure the particle size distribution in terms of volume percentage. It was assumed in
this method that the particles are treated as spherical. The particles cause the scattering of
the light beam, which will scatter at an angle that would be directly related to particle

sizes*®87,

For this analysis, the materials were ground using a mortar and pestle, which produced a
relatively heterogeneous sample in terms of grain sizes. Some of the raw materials could
not be analysed easily due to their physical or chemical nature (e.g., chitosan, SCGs and
coir fibre). Additionally, some of the composites were extremely heterogeneous in nature
due to their composition. For instance, the CH/HAp/CF and CH/HAp/SCGs composites,
which contained particles of the coir fibre and spent coffee grounds, as well as chitosan.
In comparison, some other composites were relatively less heterogeneous, for instance,

the CH/HAp composites.

As the instrument measures the particle sizes based on the assumption of spherical
particles, it is therefore not very accurate for the true measurement of samples that may
have irregular and angular shapes. The synthesised materials were not uniform in size, so
this analysis was used at best estimate their particle sizes and the specific surface area of
the composites. The results for the grain size and specific surface area of the composite

adsorbents studied by this technique are included in appendix 3.

2.4 Results and Discussion: Raw materials Characterization

The following section provides a detailed characterization of the raw materials used in
this project to prepare the composites under investigation. It is important to have a good
idea of these characteristics when analysing combinations of such materials so that
contributions from each material can be recognised without ambiguity in

characterisations. This chapter will be referred back to in later sections of the thesis when
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analysing the composites made up of combinations of the raw materials as characterised
below.

An important point to note is that the y-axis scaling of the figures (such as FTIR spectra,
XRD diffractograms and TGA thermograms) was determined automatically by OriginPro
software used for plotting these figures in this study.

2.4.1 Characterization of chitosan

2.4.1.1 SEM/EDX characterization of chitosan

The micrographs of the chitosan (TCI) used in the current study are illustrated in Figure
2.2. The micrographs show the surface morphology of the flake-like material at two
different resolutions (3 um and 30.0 um). At low voltage (Figure 2-2 a & b), it exhibited
a non-porous multilayer structure with a fibrous surface. It appears as fragile-looking
sheets with many microfibrils. The micrograph at high voltage (Figure 2-2 c) displays a
close-up view of the flakes showing them to consist of a smooth sheet with some irregular
orifices on the surface. This morphology of chitosan, as observed, is typical of that

reported in previous studies 3933%,

Figure 2-2: SEM micrographs of commercial chitosan 5.0 kV (a & b), 15 kV (c¢) used in the

present study
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The EDX elemental analysis of the chitosan is presented in Figure 2-3, which summarises
the percentage amounts of the major elemental components of chitosan. These show
expectedly that carbon and oxygen are the principal constituent elements of chitosan.
Previous reports have shown that a low nitrogen level can also be present in these samples
(due to unconverted chitin)®®*. A lower level of nitrogen could still be present (as
DDA >80%) but is not detectable in the chitosan elemental analysis at this level of
acetylation. The additional smaller peak at ca. 2 keV is due to the Pt coating on the

specimen.
| El C 0 Total
e | Element Wt.% ED 4245 100.00
| Error (Element +-0.88 =-1.03
We.%)
[ Wi % Atom 64,36 3564 100.00
| Error (WL % Atom) ++ 0.98 =/ 0.86

.

Figure 2-3: SEM micrograph and EDX analysis of the as-received TCI chitosan used in the
present study

2.4.1.2 FTIR analysis of chitosan

The FTIR spectrum of chitosan as a KBr disk is shown in Figure 2-5. The range shows
the characteristic absorption bands due to chitosan, which have been assigned as per Table
2-1. The features observed in Table 2-1 entirely agree with previous literature reports on
the FTIR of chitosan.

Table 2-1: Characteristic IR absorption peaks of chitosan3%6-3%

Assignment Wavenumber (cm™)
-OH and -NH stretching 3450-3500 (s)

C=0 stretching 1638 (s)

C-H bending 1380 (m)

C-H stretching 2877 and 2921(m)
C-O-C stretching 1150 (w)

C-O stretching 1032 and 1074 (s)
C-H twisting 896 (w)

C-N stretching 1320 (m)
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(s) = strong intensity, (m)= moderate, (w)=weak

The basic structural unit of chitosan polymer is given in Figure 2-4 to identify the
corresponding absorption peaks in Figure 2.5.

Chitosan

OH OH

HO 1 HO —~

NH
o=
CH,
Acetylglucosamine unit Glucosamine unit

NH,

Figure 2-4: The basic structural unit of chitosan biopolymer 3%
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Figure 2-5: FTIR spectrum of TCI chitosan used in this study

2.4.1.3 Powder X-ray Diffraction of chitosan
The XRD diffractogram (Figure 2-6) of pure chitosan flakes displays two broad peaks

around 20 =10° and 20 =20°, while another broad peak of very low intensity can be

observed at 20 =28-30° and 20 =33-37°. The diffractogram with its broad peaks indicates
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some low-level crystallinity in the chitosan and is entirely in line with what was

previously reported in the literature for pure chitosan3/7400:401,
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Figure 2-6: X-ray diffractogram of powdered TCI chitosan used in this study

2.4.1.4 Thermogravimetric analysis of Chitosan

Figures 2-7 and 2-8 represent the TGA data relating to the TCI chitosan, which was
analysed over a temperature range of 30 °C to 800 °C. The thermogram curve (Figure 2-
8) shows thermal degradation data, while the curve (Figure 2-7) represents the data for
the first derivative of % weight loss (DTG).

No significant weight loss was observed before 100 °C. The thermogram (Figure 2-8)
shows three variations corresponding to three weight loss events, at around 150 °C, 320
°C and 600 °C causing a weight loss of about 10.9%, 55% and 35%, respectively.
Weight losses recorded between 70 to 150°C are attributed to the well-known dehydration
of the polymer, while the significant degradation occurring around 300 °C could be due
to the deacetylation of chitosan. This dominant weight-loss event around this temperature
range is directly related to the degree of deacetylation (DDA). With relatively low DDA,
chitosan shows a lower weight loss in this region and vice versa*®2, A gradual weight
loss continues to occur up to 650 °C, finally reaching zero due to the burning of the

remaining carbonaceous matter comprising the chitosan®,
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Figure 2-7: Thermogram of chitosan used in this study (Derivative % weight loss curve)

10

80

70

60

Weight (%)

§5.27%

30
20
10
0
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 2-8: Thermogram of chitosan used in this study (Thermal degradation curve)
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2.4.2 Characterization of the hydroxyapatites used in this study

2.4.2.1 SEM/EDX characterization of cHAp and bHAp

cHAp: An SEM micrograph and EDX analysis of cHAp are presented in Figure 2-9 (a
and b). The morphology of cHAp has the appearance of rough surface aggregates of
irregular particles. Similar morphology has been observed and reported in the
literature®®*4% for synthetically prepared HAp, which was prepared using a sol-gel

method, indicating that cHAp has been prepared commercially via similar methods.

LU0 I R L I B JUA AN 9 W AJE 1 L)

5.0kV 8.:3mm x3.00k SE(M

Figure 2-9: SEM micrographs of the commercial HAp (CHAp) used in this study

Elemental analysis (Figure 2-10) showed oxygen, phosphorus, and calcium as
predominant elements at 22.67 %, 48.94 % and 33.75%, respectively. The Ca:P mole
ratio is an important parameter to evaluate the phase purity of hydroxyapatite. Different
Ca:P ratios in calcium phosphates correspond to different phases; for instance, the HAp
and P-tricalcium phosphates (B-TCP) are two different phases of calcium phosphate,
which give Ca:P mole ratios of 1.67 and 1.5, respectively.

In literature studies, the Ca: P mole ratio is calculated using the atomic % values measured
by EDX analysis*®®4%7. For the c-HAp in the present study, the Ca:P mole ratio was
calculated using atomic % in at least three randomly measured spots on a given sample.
The Ca:P mole ratio measured from these fell within the range of 1.67-1.8, with the c-
HAp material falling within the range expected for stoichiometric HAp, which should
have a Ca:P mole ratio of 1.67%%7. The Ca: P ratio variation could be due to systematic
errors such as particle size or accelerating voltages used in the analysis*®®. Moreover, it

is known that the phosphorus (P) and platinum (Pt) (from coating) peaks coincide in the
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EDX spectrum. Hence the phosphorus peak could be affected by the platinum peak so
giving variations in the Ca:P mole ratio.

To investigate the influence of any possible interaction between the two peaks (P and Pt)
on the Ca:P mole ratio, the EDX measurements were repeated by using HAp samples
without any platinum coating. The Ca:P ratio for these uncoated samples was 1.7-1.8,
close to the range measured for the platinum-coated samples (i.e., 1.67-1.8); hence the

effect of the Pt coating on the Ca:P mole ratio values was deemed negligible.

Py
& b
e \
Elements Carbon | Osxygen Sedium Phosphorus Calcium Total
Element Wt.% 547 22.67 0.46 2246 48.94 100.00
Error (Element Wt.%) +/-0.40 +-0.77 +-0.10 +/-0.34 +-0.61
Wt. % Atom 11.86 36.19 0.53 18.89 3181 100.00
Error (Wt. % Atom) +-087 | +-126 +-0.11 +/- 029 +- 040

Figure 2-10: EDX spectrum of commercial hydroxyapatite (cHAp)

bHAp: Figure 2-11 (a-d) shows the SEM micrographs for the bovine-derived
hydroxyapatite (bHAp). The HAp from this was found to have a morphology consisting
of irregular particles of different sizes. The magnified images (x5000 and x15000) of the
larger particles showed interconnected semi-spherical particles and pores. The identical
morphological characteristics were reported in an earlier study that discussed the bovine
sourced synthesis of hydroxyapatite using thermal calcination as the method of
preparation?®. In this study, the porosity was attributed to the sintering of HAp powder

and referred to the pores as arising from spaces occurring between the fine crystallites as
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they formed agglomerates from the coalescence of particles during calcination®%®49,
Similar morphological features were also observed for bone-sourced hydroxyapatite
sintered at 900-1000 °C*%. This study described the HAp produced as possessing an
interconnected network of pores which was considered helpful for bone tissue in-
growth**1412_ Similarly, in another study, HAp produced had been explained as being a
mimic of the bone structure via its having a combination of pores and solid structures,
making it desirable in orthopaedic applications*3, Several studies on bovine sourced
HAp*1412414-417 have reported an interconnected cumulus like structure with pores that
appeared at >800 °C*0°,

20 DV 35 Oeren 3500 SEIM)
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Figure 2-11: SEM micrographs of bHAp (a) x30 (b) x500 (c) x5.00k (d) x15.0k

Elemental analysis of bHAp by EDX (Figure 2-12) showed expectedly dominant Ca and
P peaks in the sample. In addition, Mg and Na were observed, which characterises the
HAp as being from a mammalian source because such elements are commonly found in
the bone. The O, Ca, and P atomic percentages in bHAp were 42.43%, 31.50%, and
18.15%, respectively. The Ca:P mole ratio was calculated using the same method as
mentioned above for calculating the Ca:P mole ratio for cHAp. The values ranged
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between 1.80-1.84 for platinum-coated samples but were 2.03-2.48 for samples without
platinum coating.

Others have reported Ca:P mole ratios in bovine sourced HAp prepared by thermal
calcination up to 1000 °C to be in the range of 1.58-1.93%"#18 while another study
reported a weight % Ca:P ratio of 1.75-1.83 using EDX analysis for bovine sourced
hydroxyapatite that was thermally calcined between 1000 °C and 1100 °C*°. These
findings of the literature study suggested that the hydroxyapatite produced from natural
sources is non-stoichiometric with a Ca:P mole ratio greater than 1.674?°. The carbonate
substitution could be considered a possible reason to increase the Ca:P, as the P content
would be less due to carbonate substitution resulting in an increase in the Ca:P ratio. It
could be further explored in the FTIR analysis of the hydroxyapatites.
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Elements Carbon | Oxvgen Sodlum Magnesiom Phosphorus Calcium | Total |
 Element Wt.% 416 19.53 0.69 0.49 18.73 56.40 100.00
Ervor (Element +040 | +-055 +-0.12 +- 0,08 =023 +/-0.51
Weo%)
Wt % Atom 9,53 33,64 083 055 16,66 3877 | 10000
Error (Wr. % Atom) +-003 ]| «-0% +-~0.15 +-0.09 +-021 =-035 |

Figure 2-12: EDX spectrum and analysis of bovine-sourced HAp (bHAp)

2.4.2.2 FTIR analysis of cHAp and bHAp

Figure 2-13 represents the FTIR spectra of both c- and bHAp as measured from KBr disks

prepared from both samples. The IR absorption peaks observed in each spectrum are
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summarised in Table 2-2 and generally agree with the reported literature on
hydroxyapatite IR spectra.

The spectra of the two hydroxyapatite phases do have some differences in appearance
from each other. The peaks in bHAp appear somewhat sharper compared to those from
cHAp. This confirms the more crystalline nature of the bHAp, which is most likely due
to the thermal calcination process used to produce it. In addition, there is relatively less
moisture in the bHAp sample. This may be attributed to either less moisture inherently in
the bHAp sample itself or in the KBr powder used to produce the disk. Some additional
peaks were observed in the bHAp FTIR spectrum, which were absent in the cHAp
spectrum. These were two lattice —OH stretching/liberational vibrations (weak) observed
at 3570 cm™ and 632 cm™. The presence of these vibrations is associated with a highly
crystalline hydroxyapatite phase. This observation is additional evidence to support the
fact that cHAp is less crystalline and indicates that its commercial preparation could have
been via a precipitation process at lower temperatures and with relatively mild
heating/drying*%.

Table 2-2: Observed IR absorption peaks in the FTIR spectra of hydroxyapatite (cHAp and
bHAp)“06412421-424

Assignment Wavenumber (cm™)
Asymmetric stretching of POs* (v3) 1050-1095 (s)
Asymmetric bending of PO4* (v4) 570-604 (m)

-OH libration (shoulder on PO.* (v4) peak)) 632 (m/w)

-CO3% (asymmetric stretching) 1415-1459 (m)
-OH, stretching from H,O (moisture presence in powder or KBr) 3432 (s, broad)
HOH bending mode from H,O (moisture presence in powder 1621 (w)

-OH stretching (structural (lattice) hydroxyl group of apatite in bHAp | 3570 (m/w, sharp)
only)

PO,* (v1) symmetric stretch 960 (w)

-COs* (v, bending mode) 840-900 cm™* (w)

s=strong, m= moderate, w=weak, vw = very weak

An additional shoulder band (weak) was observed around 3640 cm™ in the bHAp
spectrum, which could be associated with an -OH stretching peak due to the presence of
Ca (OH)2. The observation of this peak in the bHAp is further proof of 1) the presence
of carbonates in the bHAp and 2) their thermal breakdown after calcination, as this would
produce CaO and COx. If some of this CaO is in the bHAp powder after calcination, then

the interaction of the CaO with moisture (after cooling/during storage) can lead to the
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formation of some Ca (OH)2. Moreover, the bone apatite (such as bHAp) was reported as
carbonated apatite due to carbonate ion substitution in the crystal lattice of apatite, which
could affect the crystal lattice structure of apatite and affects the Ca:P ratio in
hydroxyapatites. The carbonate substitution could occur at two different anionic sites of
HAp, including type-A substitution (at -OH sites) or type-B substitution (at PO4*" sites).
B-type substitution in bone sourced mineral (HAp) could be considered to cause a higher
Ca:P ratio in the bHAp*%,

The weak peak assignments around at 1420 cm™ and 1453 cm™ in the below Figure could
be assigned to antisymmetric stretching vibrations of carbonates (B-type substitution) in
the bHAp spectrum, which is also used to justify the higher Ca:P ratio calculated earlier
for bHAp in EDX analysis (Figure 2-11) of bHAp. Baxter et al.**’ observed the presence
of the B-type carbonate substitution in bone-apatite minerals by indicating that the v3
(antisymmetric stretching vibration) was divided into two peaks, these being vza and vap

at 1423 cm* and 1426 cm?, respectively.
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Figure 2-13: FTIR spectra of cHAp and bHAp

88



2.4.2.3 Powder X-ray Diffraction analysis of cHAp and bHAp
Figure 2-14 represents the powder X-ray diffractograms of the cHAp and bHAp powders

used in this study. The observed peaks were found to be in good agreement with those
reported in the reference diffraction patterns representing phase pure hydroxyapatite
(ICDD no. 09-0432). This is given below in Figure 2-14 to compare with the other
hydroxyapatites p-XRD patterns acquired.

100 -

Ret Pamern Calcum Phapre e Maroote 00.008.0831

AL i I “ L b L Lh”l“l UlHll Ll
5 : I !
Postion *ITrenl Copoer (Cu
bLHApP
54000
3..‘0(l’(.-
- thxw
o 4 A n AL
cHAp
10800 4
3 7200
i
2000
LU
10 20 30 40 =0 60 70 80

2 Theta

Figure 2-14: The reference diffraction pattern of stoichiometric hydroxyapatite ((ICDD no.
09-0432), and the diffractograms of bHAp and cHAp
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The p-XRD for the cHAp (Figure 2-14 marked in green colour, bottom spectrum) showed
fewer, broader, low-intensity peaks than what was observed in the p-XRD of bHAp
(Figure 2-14, marked in blue colour, top spectrum), which could be attributed to its poorly
crystalline nature as already observed in FTIR analysis. These peaks are in good
agreement with what is observed in powder X-ray diffractograms of synthetic HAp
samples as reported in the literature®?®42°, Moreover, hydroxyapatite shows clear peaks
at 2 Theta =24° to 2 Theta =40° as observed and reported by Ergun et al.**° for chemically
precipitated hydroxyapatites using different Ca:P molar ratios. These characteristic peaks
reported for chemically precipitated HAp are in good agreement with those exhibited in
the p-XRD pattern of cHAp (Figure 2-13), indicating that the origin of this commercial
material is possibly from chemical precipitation*°. In contrast, the broader peaks were
attributed to the likely smaller sizes of precipitated calcium phosphate particles present
in the sample.

In contrast, the sintered bovine-derived hydroxyapatite (0HAp) was found to be more
crystalline than cHAp, as evidenced from the sharper and more numerous XRD peaks
observed in Figure 2-14, which are in good agreement with peaks exhibited in the
reference powder XRD pattern (ICDD no. 09-0432 illustrated in Figure 2-14). The
prominent peak positions (2 Theta) and respective d-spacings were recorded as 10.820
(8.17A),25.879 (3.44 A),29.967 (3.08 A), 31.774 (2.81 A), 32.197(2.77 A), 32.902 (2.72
A), 34.049 (2.63), 39.819 (2.26 A), 46.713 (1.94 A) and 49.469 (1.84 A) for bHAp
(Figure 2-14).

The preliminary characterization of the hydroxyapatite raw materials used in this study
has shown a difference in crystallinity between cHAp and bHAp, which could be
attributed to how they have initially been synthesised. The thermal calcination method
produces HAp with high crystallinity compared to the chemical precipitation method*3:.
Thermal calcination involves heating at a high temperature (1000-1400 °C) to crystallise
the HAp. Venkatesan et al. reported that the thermal calcination produced a more
crystalline HAp from fishbone than an alkaline heat treatment method*?2. The better
(higher) crystallinity of bHAp is a direct result of its thermal treatment during its synthesis
from bovine bone, and the outcomes of such treatments are well documented in the

literature#16417.424,
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2.4.2.4 Thermogravimetric analyses of cHAp and bHAp
The characteristic TG thermograms of cHAp and bHAp are presented in Figures 2-15 &

2-16. The thermograms show phase transformations and weight losses in both HAps as a
function of temperature. Total weight loss recorded for cHAp (Figure 2-15) was
approximately 57%, while for bHAp, it was only about 2%, while heating samples up to
1000 °C.

Only two weight loss events were observed in the thermogram of bHAp (Figure 2-16).
one with a minor weight loss around 100 to 250°C, which is indicative of dehydration of
the bovine sourced HAp powder. According to previous reports, endothermic peaks
observed at 425-560°C correspond to carbonate decomposition from the bovine bone,
which is known to occur between 400 °C to 600 °C in an air atmosphere*®?. Gradual
removal appears to continue up to 1000 °C. The same observation was reported in another
study of bio-sourced hydroxyapatite isolated from bovine-bone*'®. The FTIR analyses
discussed above support the presence of carbonate, as these were detected in the phases
examined.

Weight losses observed for cHAp and bHAp differed from each other. cHAp exhibited a
significant weight loss overall, with approximately 9.03% weight loss occurring on initial
heating, which was attributed to dehydration. This was also observed by Chakravarty et
al. in thermograms reported of nano-HAp*3. However, over the temperature range of
350-530°C, a more significant weight loss of 48.57% was observed due to the degradation
of carbonate moieties in the cHAp.

In contrast, the weight loss exhibited by the bHAp sample was less relative to cHAp. This
was interpreted as being indicative of the more crystalline nature of bHAp as the major
weight loss, so as a result, when it is heated in TGA, it has already undergone its major
weight changes. All the TGA process is doing is removing some adsorbed moisture, and
possibly, if relevant, some surface adsorbed carbonate over the 400-650°C range of
temperature. In general, all three characterisation techniques (EDX, FTIR and p-XRD)
reinforce the fact that c-HAp is less crystalline and has been formed by some sort of
milder chemical precipitation process followed by mild heating (but not to the extent that
carbonate has been removed with crystallisation of the residual powder). In comparison,
the bHAp has been formed by a higher temperature thermal calcination process which

has led to the more highly crystalline materials observed in the case of bHAp*'74%,
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Figure 2-15: Thermogram of cHAp and corresponding DTG curve
007
0.0073 bHAp
0.000d
—~ a7
&
-~
£-00074
-
g-omsg

Weight (%)
8
o

o
B
in

98.01

Figure 2-16: Thermograms of bHAp and corresponding DTG curves
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2.4.3 Characterization of coir fibres used in the studies

2.4.3.1 SEM/EDX analysis of coir fibre

Figure 2-17 represents micrographs of SEM/EDX analyses of ground coir fibre. The
tubular structure typical of natural coir fibre (Figure 2-17 a) is visible, which exhibits a
large hole in the fibre centres and a smooth outer surface. The surface of the fibre appears
flat, and this has been interpreted in the past as being due to the presence of surface waxes
and oil*®**. Major constitutional elements include unsurprisingly carbon and oxygen,
which make up 60.86% and 39.14 % of coir fibre, respectively, as shown by the detected
EDX peaks (Figure 2-17 c¢). The peak at 2 keV is due to Pt coating for imaging purposes,

as indicated earlier.

15.0kV 15.0mm x450 SE(M)

|Z] Elements C o Total
soo Element Wt.% 60.86 39.14 100.00
Error (Element +/-1.06 +/-1.22
Wt.%)
Wt. % Atom 67.44 32.56 100.00
Error (Wt. % Atom) +/-1.17 +/- 1.02

200

Figure 2-17: SEM micrograph of coir fibre with accompanying EDX analysis.

2.4.3.2 FTIR analysis of coir fibre

Figure 2-18 shows the FTIR spectrum of coir fibre (powdered consisting of smaller
fractured fibres). The observed IR absorption peaks recorded for CF are given in Table
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2-3. These peaks are reported for functional groups present in CF due to its constitutional
components (such as cellulose, lignin). The observed peaks are entirely in line with what
has already been reported in the literature for this material.

Table 2-3: Characteristic IR absorption peaks of Coir Fibre5-4%

Vibrations Wavenumber (cm™)
C=0 1650, 1740 (m)

O-H stretching (hydroxyl group) 3407 (s)

C-H stretching 2918 (m)

-OH (aromatic deformation) 1241 and1377 (m)
-OH (primary and secondary alcohols) 1108 and ~1050 (s)

The carbonyl vibrations observed at 1650 cm™ could be attributed to lignin and
hemicellulose*® in the CF, while a sharp peak around ~3400 cm is associated with the
-OH groups present in cellulose, lignin as well as adsorbed water (from moisture) in raw
fibre*®, while a moderate intensity peak at 2900 cm™ corresponds to -CH stretching

vibrations due to the lignocellulosic constituents of coir fibre*3.
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Figure 2-18: FTIR spectrum of coir fibre
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2.4.3.3 Powder X-ray diffraction analysis of coir fibre

A typical coir fibre X-ray diffractogram is presented in Figure 2-19. Peak positions were
assigned to 2 Theta= 10°, 16°, 22° and 35°. Generally, CF presents a poorly crystalline
phase due to lignin and pectin components, as reported earlier**®. The visible peak
positions could be attributed to partially crystalline cellulose(l), which is embedded in the

non-crystalline structural components of CF#38439,
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Figure 2-19: X-ray diffractogram of coir fibre

2.4.3.4 Thermogravimetric analysis of coir fibre

The thermogram of coir fibre and corresponding DTG curve (Figure 2-20 A & B) show
the thermal decomposition of raw coir fibre (ground). Water loss due to evaporation from
the sample counts for 9.27% weight loss occurring from 40-120 °C, while a significant
weight loss occurs around 280 °C and 326 °C, which counts for a total of 50% weight
loss of CF. A gradual weight loss continues after 300 °C and approaches zero around
500 °C.
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The fact that water loss appears to start at lower temperatures in this sample may be due
to its higher surface area caused by grinding. At the same time, other decomposition
events may be occurring, including the thermal decomposition of lignin, a-cellulose and
lignin. These observations are in line with results reported previously by Abraham et
al.**®, who studied coir fibre extraction, with a slight change in endothermic temperature

peaks. The decomposition pattern also confirms the presence of various compounds (such
as lignin, lignin etc.) in coir fibre.
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Figure 2-20: Thermograms of coir fibre (A) DTG curve (B) Thermogram of coir fibre
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2.4.4 Characterization of the spent coffee grounds (SCGs) used in this study

2.4.4.1 SEM/EDX analysis of spent coffee grounds (SCGs)

Figures 2-21 & 2-22 show the SEM micrograph and EDX analysis of the spent coffee
grounds material used. The SEM micrograph of spent coffee grounds shows an uneven
surface that is full of irregular cavities. These cavities were observed as channels (not
pores) onto the surface, as reported by other researchers who showed a similar
morphology for the spent coffee grounds69440441,

Elemental analysis of SCGs is presented in Figure 2-22. Carbon and oxygen were the
major component elements 74.41% and 22.29% of spent coffee grounds, respectively,
due to the abundance of polysaccharides in SCGs?°. However, EDX also revealed the
presence of K in the SCGs, which was reported as the most prominent mineral of spent
coffee residues®. Ash is also present in SCGs, constituting about 1.6% reported by
Mussatto, Ballesteros, et al.**?. The ICP-AES analysis done in a study of ash from SCGs
revealed potassium as the most abundant element of this ash*#?, which is also evident

from EDX analysis.

20.0kV 15.0mm x350 SE(M) 100um

Figure 2-21: SEM micrographs of spent coffee grounds
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Figure 2-22: EDX micrographs of spent coffee grounds

2.4.4.2 FTIR analysis of spent coffee grounds

Figure 2-23 represents the IR spectrum of coffee grounds as a KBr disk. The characteristic

IR peaks are given in Table 2-4.

Table 2-4: The characteristic IR absorption peaks of spent coffee grounds (SCGs)

Vibrations Wavenumber (cm™)
O-H and N-H stretching 3000-3600 (s) (broad)
C=0 1742 (s)

C=C 1653 (s)

C-H stretching 2923 and 2852 (s)
C-O stretching and N-H bending 1000-1100 (s)

C-0-C 1160 (m)

C-0O-H bending 1380 (m)

C-H bending 1458 (m)

R-O-C-O-R (stretching in chlorogenic acid) 1247 (m)

Spend coffee grounds (SCGs) are complex materials containing various organic

compounds, including polysaccharides, lipids, proteins, and phenols?*, as described in

Table 1-4 (chapter 1). The SCGs constituents are composed predominantly of

lignocellulosic polymers, containing various functional groups such as hydroxyl,

methoxyl, and ether linkages**®. Similarly, several functional groups are present in lipids,

proteins, and phenols, which contribute to the appearance of the FTIR spectrum. These

are listed in detail in the above Table.




Most of the vibrations of SCGs are very strong because they are associated with more
than one functional group coming from different compounds of SCGs. For instance, C-H
stretching vibrations around 2800-2900 cm™ arise from both polysaccharides and lipids.
Two sharper peaks in the same region have been previously reported in spectra of spent
coffee grounds and attributed to the backbone structure of cellulose***. Simultaneously,
similar stretching vibrations in this region were reported in caffeinated beverages such as
coffee, tea, and soft drinks and attributed to asymmetric C-H stretching from the methyl
group in caffeine molecules**®.

A strong band at 1742 cm™ (C=0) is associated with ester linkages of triglycerides (lipids)
and carboxyl groups present in both lignin (polysaccharides) and caffeine*6447. A wide
band representative of O-H stretching of hydroxyl groups in polymeric components such
as pectin, cellulose and lignin and N-H stretching of primary amines of proteins is also
an essential part of SCGs IR spectra. A stretching vibration at 1247 cm™ is associated
with chlorogenic acid (CGA), indicating phenolic compounds in SCGs*. In general, all
vibrations observed in the spectra have been well studied and well-reported for coffee
wastes from coffee processing industries and spent coffee wastes from

Cafeteria3259’441’447’448

65

60 4

“%T

50 4

45 4

40 4 3449

v Coffee Grounds (CG)

4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber (am )

Figure 2-23: FTIR spectrum of spent coffee grounds (SCGs)
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2.4.4.3 Powder X-ray diffraction analysis of spent coffee grounds (SCGs)
Figure 2-24 represents the p-XRD of SCGs. The broad peak exhibited showed SCGs were

poorly crystalline materials, showing two peaks at 26=16 and 26 = 20.8°and a small peak
at 20 = 35°. This pattern is comparable with the typical cellulose diffraction pattern
((ICDD card no. 00-003-0226) used by Ballesteros et al.** to explain the crystalline
cellulosic phase of spent coffee grounds. The two peaks (20=16 and 26 = 20.8°) observed
in the present study and also reported for typical cellulosic biomass earlier in the literature
studies, which indicate the presence of cellulose in SCGs*494%0, A smaller peak at 20= 35
in Figure 2-23 was observed, and it was indicated for cellulose I lattice in the literature®?.

16000

Coffee Grounds

14000

12000

10000

8000

Intensity (a.u.)

6000

4000

2000

T T T T T T T
10 20 30 40 50 60 70 80
2 Theta

Figure 2-24: Powder X-ray diffractogram of spent coffee grounds used in the current study

2.4.4.4 Thermogravimetric analysis of spent coffee grounds (SCGs)

Figure 2-25 (A &B) represents the TGA of spent coffee grounds (SCGs), in which two
weight loss events were observed. The first event occurs around 80-100 °C and counts
for 11% weight loss and is attributed to the typical evaporation of the moisture present in
the beans. The critical thermal event causing the 70% weight loss starts at 300°C. It
continues up to 500 °C and has been attributed to the decomposition and

depolymerization of the polymers present in SCGs (such as cellulose and lignin)
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backbone structure*® with only a greyish ash material remaining after complete
combustion up to 1000 °C.
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Figure 2-25: Thermograms of spent coffee grounds (SCGs) (A) DTG Curve (B)
Thermogram
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2.4.5 Characterization of the zeolite material (mordenite) used in this study

2.45.1 SEM/EDX analysis of mordenite

The SEM/EDX of the as-received commercial zeolitic material is shown in Figures 2-26
& 2-27. Later p-XRD analyses would identify this to be “mordenite”. The surface
morphology consisted of irregularly shaped needle-like structures with a fragile-looking,
patchy surface which is in line with descriptions reported in previous literature reports
(i.e., mordenite)*24%4,

The EDX analysis (Figure 2-27) of the zeolitic mordenite sample showed Si, Al and O
elemental components at 40.79%, 6.08% and 37.88 %, respectively. The zeolite was a
silicon-rich mordenite having a Si/Al ratio ranging between 6-7. Natural mordenite has a
Si/Al range between 4.4-5.5 and is usually found in silica-rich rocks*3. Dealumination
occurs in strongly acidic conditions, which could cause an increase in the Si/Al ratio for

mordenite zeolites**®

. Moreover, synthetic zeolites prepared using a hydrothermal method
are known to have a Si/Al ratio of 5-10%°. It has also been shown that in natural mordenite
(from Greece), potassium content (K*)*7 can also be found. This is evident in samples
used in the present study (see Figure 2-2) which shows K to be the highest in wt. % (i.e.,

3.63%) compared to the amounts of Na, Mg and Ca.

15.0kV 14.8mm x2.50k SE(M)

Figure 2-26: SEM micrograph of zeolite (mordenite)
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Figure 2-27: EDX spectra and analyses of zeolite (mordenite)

2.4.5.2 FTIR analysis of mordenite

Figure 2-28 represents an FTIR spectrum of the zeolitic material used in the present study.

Table 2-5 summarizes the main features observed in the spectrum. In general, the spectral

features observed were in good agreement with previous literature reports where the FTIR

spectrum of mordenite is discussed.

Table 2-5: The characteristics of IR peaks of zeolite (i.e., mordenitg)?52453458-462

Vibrations Wavenumber (cm?)
O-H stretching (w) 3620 (w)

O-H stretching (s) 3440 (s)

H-O-H bending 1639 (m)

Si-O-Si (symmetric) 790 (m)

T-O-T asymmetric stretching (s) 1052 (s)

Si-O-Si (bending) 470 (m)

*T=Sior Al

The structural framework of zeolites consists of AlO4 and SiO4 tetrahedra, connected

through oxygen atoms forming rings (as described earlier in Chapter 1). One of the most

important band vibrations of zeolites is the T-O asymmetric stretching vibration, where
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“T” is Al or Si. This strong asymmetric stretching vibration appears in the region of 1200-
950 cm™ 462,
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Figure 2-28: FTIR spectrum of zeolite (mordenite)

In the literature, a shift to a lower wavenumber is indicative of greater Al presence than
Si in the structural framework of the zeolites, which was attributed to an increase in the
Al-O bond length and a decrease in the T-O-T. This results in a lower observed vibrational
frequency. For instance, heulandite has 9 Al atoms, and clinoptilolite has 6 Al atoms in a
single formula unit. The higher number of Al atoms (in heulandite ) gives a band vibration
at a relatively lower frequency around 1022 cm™ compared to clinoptilolite (which has
only 6 Al atoms), which exhibits a stretching vibration at 1059 cm™46°, Natural mordenite
has been reported to show this band around 1046 cm™ when it has a Si/Al ratio ranging
between 4.4-4.5 *°, while in the present study, the mordenite examined gave a peak
around 1052 cm™ in the FTIR spectrum, which seems to indicate a somewhat lower
aluminium content in agreement with the EDX analysis. Other important characteristic
vibrations of mordenite in Fig. 2-26 were reported at 796 cm™ (symmetric stretching of
SiO,) and at 1206 cm™ which corresponds to the asymmetric stretching mode of SiO4 or
possibly quartz*®?. A peak at 470 cm™ can be associated with a T-O bending mode*®3,
Bands at 3300-3600 cm™*and 1638 cm™ are associated with physically adsorbed water on

the zeolite*>3461,
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2.4.5.3 Powder X-ray diffraction analysis of mordenite

The diffractogram of zeolite is shown in Figure 2-29. The XRD was a critically important
characterization technique for this commercial material because it served to identify the
main component present (as this is not otherwise indicated in the commercially supplied
specifications of this material). The XRD data indicates that this zeolite is chiefly
composed of mordenite through analysis of the data using the "Xpert-Highscore software".
The recorded peaks agreed with the reference diffractogram for mordenite (i.e., ICDD-
00-029-1257); see Figure 2-30. Mordenite is an orthorhombic mineral with the empirical

formula AlaH14Na2031Si10.
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Figure 2-29: X-ray Diffractogram of zeolite (mordenite) used in this study
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Figure 2-30: The reference diffraction pattern of mordenite (ICDD: 00-029-1257)
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2.4.5.4 Thermogravimetric analysis of mordenite

Figure 2-31 (A & B) represents a typical thermogram of the zeolitic (mordenite) material
used in the current study. This reveals a sharp weight loss starting from 30°C to 300 °C
but with a value of 6 % only. A more gradual looking weight loss occurs with higher
temperatures (> 300 °C), with the graph giving a plateau after 600 °C indicating no further
weight loss in the zeolite on heating. A literature study reported the thermal
decomposition of the mordenite, and thermal decomposition (weight loss) was reported
up to 800 °C, illustrating no change in the structure of mordenite. At the same time, the
heating beyond this temperature was found to cause structural changes*®3.

This weight loss could be attributed to moisture removal from the surface and pore water
molecules from mordenite. A total weight loss of approximately 8% was recorded by
TGA analysis, which shows that the zeolitic material (consisting of mordenite) had
relatively good thermal stability at the higher temperature ranges used in the TGA
analysis***464 Natural mordenite (studied in Turkey) was more stable than modified
mordenite beyond 800 °C with this thermal stability is attributed to its high K content and
Si/Al ratio, favouring the structural stability of zeolites*®3. So, the thermogram recorded

for the natural mordenite used in this study illustrated the thermal stability showing a little
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weight loss (%), which aligns with the literature reported for the natural mordenite
stability.
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2.5 Summary

This chapter broadly demonstrated the methods used to characterise the feedstock
materials. Similar methods would be used further in this study to characterise the

synthesised composite materials using the selected feedstock materials.

The morphological characteristics of the feedstock materials were analysed using
scanning electron microscopy (SEM). The SEM micrographs showed that the chitosan
has a fragile sheet-like appearance. The commercially sourced HAp micrographs
exhibited a non-porous and amorphous morphology, while the bovine-sourced HAp was
porous, showing a network of interconnected pores. SEM analysis demonstrated that
spent coffee ground exhibited an irregular surface full of cavities while the coir fibre
appeared as a tubular structure with a central void. The zeolite powder micrographs

showed that they had irregular, needle-like morphology.

EDX analysis was carried out to detect the principal elements of the raw materials. Carbon
and oxygen were the major components of chitosan, coir fibre and spent coffee grounds
as expected. In addition to C and O, SCGs also contained potassium and phosphorus in
small quantities. The hydroxyapatite exhibited calcium and phosphorus as principal
constitutional elements along with carbon and oxygen, while the bovine-sourced HAp
also contained a small amount of Mg, which indicated its biogenic source.

The Fourier transform infrared spectrometry was used for the molecular analysis of the
raw materials. All the raw materials exhibited the vibrations of the characteristic
functional groups in the raw materials, which agreed with previously reported literature
studies of the materials.

Powder X-ray diffractometry was used to determine the crystallinity of the raw materials.
The diffractograms of chitosan, coir fibre and spent coffee grounds were found to be
poorly crystalline as broad peaks were detected. HAp samples exhibited the characteristic
peaks of Hap in agreement with those observed in the reference diffractogram of
hydroxyapatite. When comparing cHAp and bHAp, the bHAp was found to be more
crystalline in nature than the cHAp because of the sharp and narrow peaks observed in
the diffractogram. The diffractogram of the zeolite used in the present study agreed with

the reference diffraction pattern of mordenite.
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The thermogravimetric analysis revealed that the chitosan and coir fibre decompose
completely at temperatures < 700 °C. The bHAp was more thermally stable than cHAp
as the residue of bHAp showed a lower % weight loss than cHAp when heated up to 1000 °
C. The zeolite was also very thermally stable, showing only ca. 8% weight loss in total
when heated up to 1000 ° C.

As stated earlier, these materials were employed in the synthesis of the composite
materials under study. The upcoming chapter comprehensively discusses the processing

of the raw materials and the synthesis and characterisation of the composite adsorbents.
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Chapter 3
Synthesis and Characterisation of Composite

Systems to be trialled for Heavy Metal Removal

In the previous chapter, selected raw materials were characterised using different
spectroscopic and microscopic techniques. These materials were subsequently used to
synthesise the composite adsorbents in order that they can be trialled in treatment systems
for the adsorption of heavy metal ions. Hence, this chapter exclusively discusses the
synthesis and characterisation of the composite adsorbents, which were synthesised from

the raw materials discussed in chapter 2.

3.1 Introduction

The modern literature (as discussed in Chapter 1 in detail) focuses on preparing bio-
composites with novel materials, including low-cost adsorbents, for achieving a better
removal efficiency for heavy metals from wastewater. The chosen raw materials (as
discussed in Chapter 2) were believed to be the most appropriate choices for making
composites that would be low cost, easily accessible in terms of raw materials and
effective as heavy metal ion removal agents.

This chapter discusses the synthesis of the novel composites studied, including the pre-
processing of the raw materials. Lastly, it also covers the characterisation of the composite

matrices produced using the techniques and methods described earlier in Chapter 2).

3.2 Experimental Methods

3.2.1 Chemical Reagents

All chemical reagents were sourced commercially as analytical grade reagents and used
as received without any further purification. The chemicals list, including their source

and their respective use in the composite syntheses, is given below.
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3.2.1.1 Acetic Acid (Glacial) 100% (CH3COOH)

A 2% acetic acid solution (v/v) was used to dissolve chitosan. The 2% solution was
prepared by adding 20 mL of Merck-grade glacial acetic acid to 250 mL of distilled water
in a dropwise fashion, with the final volume being adjusted to the mark ina 1 L volumetric
flask.

3.2.1.2 Hydrochloric Acid (HCI)

Analytical grade (Merck) HCI was used for two purposes in this study. The concentrated
HCI (12.178 mol L) and density 1.2 g mL* were diluted to 4 mol L solutions used to
dissolve the cHAp and bHAp. Secondly, the HCI was further diluted to prepare 0.1 mol
Lt HCI solutions in pH-related experiments to adjust pH. A fresh 0.1 mol L solution

was prepared each time for this purpose.

3.2.1.3 Sodium Hydroxide Pellets

Analytical grade NaOH pellets (Merk) were dissolved in distilled water to make a solution
with a concentration of 4 mol Lt NaOH. This solution was used to bring about the

precipitation of composite materials from their solutions as a crucial part of their synthesis.

3.2.2 Processing methods of raw materials

Chitosan and HAp (cHAp or bHAp) were used in all composite matrices produced in this
study, so the methodologies used to process these two materials were similar when

synthesising the composite matrix systems.

3.2.2.1 Chitosan processing

The required quantity of fresh chitosan solution was prepared at the time of each
composite synthesis. For this, 1 g of chitosan was dissolved in 2% acetic acid solution
(100 mL) and was stirred until complete dissolution of chitosan had occurred (up to 8 to
12 hours). This resulted in a viscous solution which was then ready for composite

synthesis.

111



3.2.2.2 Hydroxyapatite processing

Hydroxyapatite (cHAp or bHAp) was fully dissolved by addition to 4 mol L HCI
solution. Generally, 1g of HAp was added to 25 mL of diluted HCI and stirred for 15 to
30 minutes to effect dissolution, resulting in a clear, colourless solution. This solution
could then be used immediately in composite synthesis.

3.2.2.3 Coir fibre processing for composite synthesis

Coir fibre was washed with distilled water thrice before use and then air-dried at room
temperature (25 °C). Grinding of the fibre was necessary and was accomplished using a
mortar and pestle with the assistance (by embrittlement) of liquid nitrogen (N2) (100 mL
g coir fibres) into a form consisting of small fibrous particles and fibre dust and stored
until use for composite synthesis. Coir fibre was suspended in type | water when it was

used in coir composite preparation (see later).

3.2.2.4 Spent coffee grounds processing

The spent coffee grounds (SCGs) were further ground with a mortar and pestle after
drying at 50 °C and used in a suspended form in distilled water without further processing

when used to synthesise composites.

3.2.2.5 Zeolite (Mordenite) processing

The mordenite zeolite pellets were ground in their as-received state into finer powders
and suspended in type | water, in which form they were further used in composite
synthesis.

3.3 Synthesis of composites

The composite synthesis process was designed and carried out to make two sets of
composites based on the hydroxyapatite used (as described in chapter 1, section 1.9).
Group A: cHAp containing composites (using commercial hydroxyapatite)

Group B: bHAp containing composites (using bovine powder as a source of
hydroxyapatite)

The general scheme to prepare composite matrices system is given below (Figure 3-1):
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Figure 3-1: Schematic diagram showing the composite matrices synthesised in this study

In each composite synthesis, the chitosan and hydroxyapatite solution preparation was
the first step of the synthesis, as shown in Figure 3-1. The first composite system was
based on the two-component (chitosan and HAp) based systems, while the rest of the
novel composites made in this study were three-component systems, with the third
component being one of coir fibre, spent coffee grounds and zeolite (mordenite). These
were added to the CH/HAp solution after pre-processing of the third component, as
discussed above. Also, as mentioned earlier, the two-component composites would serve
as the control composites (in section 1.9, Chapter 1) to evaluate the effect of the third
component on the removal efficiencies of the control composite with respect to the metal

ions trialled.

3.3.1 Synthesis of the Chitosan/Hydroxyapatite composites (CH/cHAp and
CH/bHApP)

The base two-component chitosan/hydroxyapatite composites were synthesised using the
chemical precipitation method described by Bazargan-Lari et al.®® with minor
modifications to the procedure. As mentioned earlier, the CH/cCHAp composite (using
synthetic HAp) has been synthesised and studied in earlier studies for its capacity to
remove heavy metal ions from the solution (Table 1-1). In this study, this particular

composite was synthesised as a control for the novel three-component composite systems
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considered in this study. Similarly, the CH/bHAp composite has also been reported earlier,
where it was considered as a removal agent for Cu?* ions, although it is also of interest to
explore its removal abilities for other heavy metal ions. Hence like the CH/cHAp
composite, the CH/bHAp composite was synthesised in this study to not only compare
the cHAp and bHAp based composite systems but also to serve as a control for the three-
component systems. Hence the third composite component was added to both CH/cHAp
and CH/bHAp composites.

CH/cHAp composite synthesis: Using the solutions of chitosan and cHAp described
earlier (3.2.2.1 & 3.2.2.2), the combination was executed with stirring maintained for 48
hours. This resulted in a gel-like thick, white mixture that indicated the premature
formation of the CH/CHAp composite. Further precipitation of the composite was
facilitated by adding 1 L of NaOH solution (4 mol L) to 500 mL of CH/HAp solution.
After the addition of NaOH, the mixture was kept for three days to mature in an open
atmosphere (under fumehood and beaker covered with watch glass). After three days, the
mixture was centrifuged and washed with distilled water until a neutral pH was observed.
The resultant product was a white jelly-like material, which was then dried in an oven at
50°C. The dried material was subsequently ground into a powder using an electric grinder
and stored in an airtight jar until further use in adsorption experiments with heavy metal
ions, with some set aside to allow for characterisation.

CH/bHAp composite synthesis: A similar procedure was repeated to synthesise the
CH/bHAp composite. Similar observations were made to the CH/cHAp composite as to

the physical appearance of the material.

3.3.2 Synthesis of Coir Fibre composites with chitosan and HAp
(CH/cHAp/CF and CH/bHApP/CF)

CH/cHAPp/CF: Coir fibre composites with chitosan and hydroxyapatite were formed
following the method described by Rajesh et al.**® with some modification, who
synthesised the CH/HAp/CF composite specifically for its use as packaging materials and
not for water treatment. There is no other literature study at the time of writing reporting
the synthesis or application of this three-component composite in any other field.

The chitosan and cHAp solutions mixture were prepared as described in the earlier section

(3.3.1). To make a 1:1:1 composite of coir, chitosan, and hydroxyapatite, 1 gram of
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ground coir fibre was dispersed in 20 mL of type | water and immediately added into the
CH/cHAp solution (1:1) with vigorous stirring. The even distribution of the coir
dust/particles within the solution was ensured by a continuous stirring of the three-
component mixture for 24 h, after which NaOH solution (4 mol L) was added (1 L
NaOH to a 500 mL mixture of CH/HAp/CF) to the mixture to reprecipitate the 3-
component material composite. After reprecipitation, a similar procedure of
centrifugation and washing was done to wash out the by-products from the composite,
followed by drying and grinding of the composite material.

CH/bHAPpP/CF: The same procedure used for the CH/cHAp/CF composite synthesis was
used, except that cHAp was replaced with bHAp to prepare the CH/bHAp/CF composite.
Apart from some material set aside for characterisation, both CH/HAp/CF composites
prepared were stored in airtight jars until adsorption experiments were carried out with

heavy metal ions.

3.3.3 Synthesis of Spent Coffee ground composites with chitosan and HAp
(CH/cHApP/SCGs and CH/bHApP/SCGs)

The oven-dried spent coffee grounds (SCGs) were suspended into type | water to add to
the pre-dissolved chitosan/HAp solution (either cHAp or bHAp). Approximately 20 mL
of water was used to disperse 1 g of SCGs powder which was then added to the
chitosan/HAp solution with vigorous stirring to distribute the SCGs evenly into the
mixture. Additional time (24 h) was used to allow the mixture to be optimally
homogenized before re-precipitation. As described earlier, a similar re-precipitation
method was used by using a 4 mol L™ NaOH solution. However, in the case of the
CH/HAp/SCGs composite syntheses, the volume of the NaOH utilised was at least double
the volume of the materials mixture to ensure homogeneity of the composite formed.
Hence, for a 500 mL mixture of three components, 1 L NaOH solution was added,
followed by centrifugation and washing. It was dried and stored until its further use in

metal ion adsorption experiments.
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3.3.4 Synthesis of zeolite (mordenite) composites with chitosan and HAp
(CH/cHAp/Zeolite and CH/bHAp/Zeolite)

Ground zeolite (mordenite) was suspended in type | water (20 mL) and then added to the
pre-dissolved chitosan/HAp solution (either cHAp or bHAp). The mixture of chitosan,
HAp and mordenite was stirred vigorously to allow the lump-like mordenite to be evenly
distributed throughout the solution. Subsequently, NaOH (double the volume of the
mixture) was added to the solution using high-speed stirring in order to ensure
precipitation of the homogenized composite of the three components. After adding NaOH,
the reprecipitated material was further left to mature for 4-5 days to ensure complete
composite precipitation. The composite material produced was then washed, dried and

ground for further use in metal adsorption experiments.

3.4 Results and discussion

The visual characterization of the synthesised composites was done by schematic
diagrams and presented below (see Figures 3-2 to 3-5). Physiochemical characterization

of the synthesised composite matrices is given in the following sections.
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Figure 3-2: The synthesis of the CH/HAp composites
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Figure 3-3: The synthesis of the CH/HAp/CF composites
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The following section describes the characterisation of the composite systems, which
were synthesised by using the raw materials (studied in chapter 2). As mentioned earlier
in chapter 2, the OriginPro software was used to plot the figures in this study which
automatically selects the y-axis scales for FTIR spectra, XRD diffractograms and TGA
and thermograms.

3.4.1 Characterization of the control two-component chitosan/cHAp and

chitosan/bHAp composites

3.4.1.1 SEM/EDX analysis of CH/cHAp and CH/bHAp composites

CH/cHAp: In Figure 3-6, the SEM micrographs of the CH/cHAp composites are
presented at high and low magnification. A high magnification view (X8000, Figure 3-6
A) exhibits a homogenized material having random macropores on the surface. The
presence of macropores was confirmed by doing several repeat SEM measurements of
the composite. Similar macropores were reported in the literature in the earlier reported
synthesis of a chitosan and HAp nano-composite, which was prepared using a calcium-
deficient source of hydroxyapatite*®®.

A lower magnification SEM image of the partially ground composite is presented in
Figure 3-6 B and shows aggregates made up of different sizes with irregular shapes. This
would have been brought about by the mechanical breaking up of the dried caked mixture.
The texture of these particles looked smooth when observed as low magnification images.
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Figure 3-6: SEM micrographs of CH/cHAp composites at different magnifications
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The EDX analysis of the CH/cHAp composite is shown in Figure 3-7. The graph featured
prominent peaks due to carbon, oxygen, calcium and phosphorus, which are the principal
elemental components of the precursor materials. The Ca:P ratio calculated for the various
CH/cHAp composite samples was found to fluctuate between 1.6-1.7, which is similar to

the Ca:P mole ratio of stoichiometric hydroxyapatite®.
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Figure 3-7: EDX analysis of the CH/cHAp composite

CH/bHAp: The SEM images in Figure 3-8 illustrate the morphology of a partially ground
CH/bHAp composite. The CH/bHAp composite surface shows the deposition of fine
particles (Figure 3-8 A). The surface of the composite was also observed to be rough,
with some pits and cracks. The heterogeneous looking CH/bHAp composite morphology
could be due to the deposition of HAp particles on the surface. Additionally, the
heterogeneity and deposition could be attributed to the mechanical breaking up of the
particles and intercalating the chitosan and the HAp. The particle deposition was observed
and reported in another literature study*®® during the course of a hydroxyapatite/chitosan
nano-composite synthesis, which was uniform in size and round in appearance and
recognized as HAp particles. The literature study reported them as HAp particles that
were dispersed in a biopolymeric matrix of chitosan. In the present study, the deposited
particles could also be HAp deposition inside a biopolymeric matrix as reported in the

literature or simply be a representation of the composite itself. The interpretation is
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subject to some doubt because there was not enough data to confirm and conclude that

this was the case.

15.0kV 15.0mm %40.0k SE(M) 5.0V 11.2mmx5 00k SE(M)

Figure 3-8: SEM micrographs of CH/bHAp (A) x40.0k magnification (B) x5.00k

maghnification.

The EDX microanalysis of the CH/bHAp composite is presented in Figure 3-9 and shows
the expected major elemental components based on the raw material content. The Ca:P
mole ratio calculated for measured samples ranged between 1.7- 1.8, while Mg was <0.5%
in all measured samples. The presence of Mg in this composite confirms the bovine-
derived source of the hydroxyapatite in the composite, as Mg is commonly found in HAp
derived from bovine sources. The cHAp (synthetic), in contrast, shows no Mg in its

analysis, confirming its synthetic origin.
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Figure 3-9: EDX analysis of the CH/bHAp composite

123



Overall, the micrographs of the two composites were different in terms of the surface, as
the fine deposition of particles was more apparent on the CH/bHAp composite surface.
In contrast, the surface of the CH/cHAp composite was relatively homogenised/uniform

in its appearance.

3.4.1.2 FTIR analysis of the CH/cHAp and CH/bHAp composites

Further probing of the molecular composition of the CH/HAp composites was achieved
using FTIR analysis. The FTIR spectra of the KBr disks of both composites are shown in
Fig 3.10, and assignments of peaks are summarised in Table 3-1, where the peaks due to
chitosan and hydroxyapatite are denoted by "C" and "A™ in Figure 3-10, these are in good
accordance with characteristic peaks described earlier for chitosan (Figure 2-5) and

hydroxyapatite in general as derived from the two sources (Figure 2-13).

Table 3-1: Characteristic IR absorption peaks observed in the spectra of the CH/cHAp and
CH/bHAp Composites377,406,421—423,429,467,468

Assignment Wavenumber (cm™)
-OH and -NH stretching (combined) 3420 (s)

C=0 (Chitosan) 1632 (m)

C-H stretching (Chitosan) 2853-2926 (w)

C-N stretching (Chitosan) 1320 (w)

PO.* (P-O-P bending) (Apatite) 550-600 (m)

PO.* P-O asymmetric stretching (Apatite) 1040-1099 (s)

C-O stretching 1380 & 1417 (w)
CO;% (asymmetric C-O stretching modes) 1413 & 1460 (w)

In the FTIR spectrum of the CH/bHAp composite, some peaks that had been observed in
the bHAp spectrum (see Chapter 2 Figure 2-13) disappeared/changed their position when
forming a composite. For instance, the OH stretching vibration of lattice OH around 3572
cm(see Figure 2-13) and the librational mode of HAp at 632 cm™ disappeared in the
CH/bHAp composite FTIR spectrum, which confirmed the formation of poorly
crystalline HAp in the composite with chitosan. The characteristic acetyl group vibration
of chitosan at 1638 cm™ exhibited a lower intensity in the spectra of the composite
samples, which could be attributed to some further deacetylation occurring in chitosan re-

precipitation using NaOH, which is known to act as a catalyst in such a process*®.
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Figure 3-10: FTIR spectra of the CH/HAp composites

3.4.1.3 Powder X-ray diffraction analysis of CH/cHAp and CH/bHAp
Figure 3-11 represents the powder X-ray diffractograms of both the

chitosan/hydroxyapatite composites. The features observed in the powder X-ray
diffractograms of the two composites confirmed hydroxyapatite presence via peaks
observed at 20 = 26°, 31.7°, 32.9°, 34.04° and 39.8° (presented in Figure 3-11). HAp
peaks were predominant in the diffraction patterns of the composites compared to
chitosan, though the intensities of peaks are lower and broader than for the precursor
hydroxyapatite sources. The broader peaks in the composites than the candidate HAp
confirm the formation of a poorly crystalline HAp-chitosan composite. Similar low
intensity and broad peaks were reported in powder XRD by Salah et al.®””, who studied
the development of a nano-hydroxyapatite/chitosan composite.

The characteristic peaks of chitosan flakes3'’4%4%%at around 26 =10° and 26 =20° was
observed in the composites and additionally illustrated in Figure 3-12. A broad peak at
260 =20° in the reported diffractogram of candidate chitosan flakes was found to exhibit

three smaller peaks, which could be attributed to the overlapping of the HAp diffraction
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peaks at 20=21.8° and 26=22.9°. The diffractogram of composites (Figure 3-11) with its
broad peaks indicates the formation of poorly crystalline composites, which was in accord
with the observation recorded in the FTIR spectra of the composites.
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synthesise the composite
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The peaks illustrated above in Figures 3-12 for the characterisation of chitosan and HAp were
recorded for the CH/HAp (control) composites. These peaks are mentioned to demonstrate the

presence of the CH/HAp part in the three-component composite systems.

3.4.1.4 Characterisation of the CH/cHAp and CH/bHAp composites by

thermogravimetric analysis

Figure 3-13 represents the thermograms of the CH/cHAp and CH/bHAp composites
measured over a temperature range of 30 to 1000 °C. In the thermogram for CH/cHAp, a
7.61% weight loss occurs around 200 °C, while a total weight loss of approximately 45%
occurs in the range of 200 °C to 550 °C. There is no significant weight loss observed after
550 °C. The initial weight loss occurs because of dehydration of the composite matrix. A
comparison of the CH/cHAp thermogram with that of chitosan (Figure 2-8 in chapter 2)
revealed that the weight loss over the 200-550 °C temperature range is occurring due to
the combustion of the chitosan itself.

A comparison of the thermogram in Fig. 3-13 of the CH/cHAp composite with those of
the raw material thermograms (Figure 2-8 (chitosan) and 2-15 & 2-16 (HAp)) confirms
that the residual mass is due to the apatite component only, as chitosan completely
combusts up to 550 °C, leaving no mass behind in the pan. Furthermore, the white
material counts for approximately 50% of total mass, as shown in Fig. 3-13, which shows
that the composite was approximately 1:1 chitosan and HAp by weight. After the analysis
was completed, the observation of a white residual powder in the sample holder
confirmed that the organic chitosan had completely burnt out and that HAp remained.
The TGA of CH/bHAp is very similar in shape and form to that for CH/cHAp and
indicates that similar processes are occurring in the CH/bHAp composite with the burning
out of the chitosan. After 600 °C, a gradual weight loss up to 1000 °C was observed in
the thermogram of the CH/bHAp, which counts for 11.35% and is probably due to the
decomposition of carbonates contained within the HAp which were observed in the FTIR
analysis of the as-received bHAp (Figure 2-13). After the TGA analysis, a similar-
looking residual white powder was observed, which accounted for approximately 55% of
the mass of the CH/bHAp composite.

A major difference between the two thermograms is the residual mass after burning up to
1000 °C. The total weight loss recorded for the CH/cHAp was 60%, while for the
CH/bHAp, 45% weight loss was recorded. It is known that the chitosan is burnt out
completely by 600-700 °C, as observed in the thermogram of chitosan alone (Figure 2-
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8), while the cHAp itself showed a weight loss of 60% leaving behind 40% residual mass.
According to these observations, the residual left behind after heating CH/cHAp
composites up to 1000 °C is (decarbonated) cHAp.

In contrast, the bHAp thermograms showed a relatively smaller weight loss when heated
up to 1000 °C (Figure 2-16). The residual mass of 60% after the combustion of chitosan
in CH/bHAp is attributed to (decarbonated) bHAp. The higher residual weight could be
due to the CH/bHAp composite containing more bHAp incorporated into the composites
than cHAp. The more incorporation of bHAp in the bHAp-based composite could be
attributed to the relatively higher purity (in terms of stoichiometry) of the bovine-sourced
HAp (bHAp), as it represents sintered HAp and is “purer” in composition relative to the
cHAp (which contains relatively more substituted carbonate). So, the incorporation of
carbonates in commercially sourced HAp (cHAp) could be the reason for there being
lower incorporation of “HAp” in the cHAp-based composite. When the equal masses of
cHAp or bHAp are used to make a composite with the chitosan (see section 3.3.1), it is
possible that less HAp is deposited (as some mass is taken up by the carbonates, leading

to less pure HAp) in cHAp-based composite compared to bHAp-based composites.
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Figure 3-13: Thermograms of the CH/cHAp and CH/bHAp composites

3.4.2 Characterization of the Chitosan/cHAp/CF and Chitosan/bHAp/CF

3.4.2.1 SEM/ EDX analysis of CH/cHAp/CF and CH/bHAp/CF

CH/cHAPp/CF: Figure 3-14 presents the SEM micrograph and EDX analysis of the
CH/cHAp/CF composite. The micrographs generally showed an uneven and non-porous
surface with deposition of very fine particles on it. The fine particles could be

nanocrystals of HAp or coir fibre dust

130



The EDX analysis of the composite showed that the principal elements were Ca, P, C and
O at atomic % values of 26.92 %, 13.56 %, 24.29 % and 35.24 %, respectively. A
significant portion of C would be emanating from the presence of chitosan and the coir

fibre, while the Ca and P signals would be coming from the presence of hydroxyapatite

in the composite.
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Figure 3-14: SEM micrograph and EDX analysis of CH/cHAp/CF composites

Figure 3-15 represents the micrograph of the CH/bHAp/CF composite, which shows

similar uneven morphology as described for CH/cHAp/CF composite. It is not surprising
that the morphology would be like that of CH/cHAp/CF composite. The EDX analysis
(Figure 3-15) indicated C, O, Ca, P, and Mg and Na. The presence of Mg and Na is due

to the biogenic (bovine) source of the HAp used to make the composite.
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Figure 3-15: SEM micrograph and EDX analysis of the CH/bHAp/CF composite

3.4.2.2 FTIR analysis of CH/cHAp/CF and CH/bHAp/CF

The FTIR spectra of both coir composites are shown in Figure 3-16. Characteristic IR

peaks in the composite and their assignments are summarized in Table 3-2.

Table 3-2: Characteristic IR absorption peaks of CH/cHAp/CF and CH/bHAp/CF
composites*3>4%8

Vibration Wavenumber (cm™)
Symmetric PO, 560-601
Asymmetric PO43 1032

-OH stretching 3443

-CH and -NH stretching 1380-1421

C=0 stretching 1645-1647

C-H symmetrical stretching 2800-2920
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Figure 3-16: FTIR spectra of coir fibre (dust), CH/cHAp/CF and CH/bHAp/CF composites

In the spectra for both composites (Figure 3-16), the peaks in regions 1 and 2, the
composites are dominated by the HAp, as the peaks are associated with the
hydroxyapatite component (see Figure 2-13 for reference) and represent bending and
stretching modes of the phosphates within the HAp. The IR absorption peaks in regions
labelled 3, 4 and 5 are associated with the composite's coir fibre and chitosan components
and represent C-O, C=0, CH and NH stretching vibrations. The dominant peak in region
6 is due to OH stretching of moisture and the chitosan and coir components.

Both IR spectra indicate the CH/cHAp/CF and CH/bHAp/CF composites are similar and
successfully incorporated the chitosan, HAp, and CF, showing the characteristic peaks of

all three components.
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3.4.2.3 Powder X-ray diffraction analysis of CH/cHAp/CF and CH/bHAp/CF

Figure 3-17 represents the powder X-ray diffractograms for the CH/HAp/CF composites
and raw chitosan, coir fibre and HAp. In both the composites, the XRD pattern is
dominated by peaks from the hydroxyapatite component, which has characteristic peaks
at 20=25.87° (002), 32.197 ° (112) and 34.049° (202) and 39.8 ° (310). Similar peaks of
HAp-content were observed in the X-ray diffractogram of the CH/HAp (control)
composites (Figure 3-13) and were also in good agreement with the reference diffraction
pattern for HAp (Figure 2-14).

For chitosan, a low-intensity peak signal at 26=10° was observed as well as a broad peak
centred around 26=20° which was divided into three peaks as observed in the control
composite diffractograms (Figure 3-11). A cellulose-associated peak from the coir fibre
was not observed at 20= 22°, which was referred to as the cellulose pattern (ICDD = 00-
050-2241) for the crystalline cellulose in the XRD diffractogram of coir fibre*®. The
actual reason of the disappearance of this peak is unknown. However, this could be due
to the formation of poorly crystalline materials while being part of the composite.

The formation of the composites by reprecipitation led to a reduction in crystallinity for
the raw components, particularly HAp. For instance, the intensity of characteristic peaks
of HAp was reported to decrease when it is employed with biopolymeric materials (such
as chitosan and coir fibre) due to reprecipitation and incorporation of polymers into the
inorganic matrix of HAp*™.

In the XRD diffractogram of the CH/HAp composites (Figure 3-11), the bHAp
characteristic peaks at 20=39-41° have been converted into a broader peak at 41.220° in
the diffractograms of CH/HAp/CF composites (Figure 3-17). Broad p-XRD peak patterns,
as illustrated by the diffractograms of the CH/HAp/CF composites, can be attributed to

the formation of poorly crystalline solids in the composite materials*°.
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Figure 3-17: The X-ray diffractograms of CH/cHAp/CF and CH/bHAp/CF and the raw
candidate materials of the composites

3.4.2.4 The thermogravimetric analysis of the CH/cHAp/CF and CH/bHAp/CF
composites

Figure 3-18 exhibits the TGA thermograms of both the CH/HAp/CF composites. The
thermograms showed features in three distinct regions. The first region lying below
200 °C led to approximately 9-11% weight loss in both composites. The second region is
between 200-450 °C and is where significant weight loss (30-45 %) occurs in the

composites. After 450 °C, only gradual weight loss is observed. The first weight-loss
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event could be attributed to the dehydration of the composite. The second could be due
to the breakdown of its carbonaceous component, i.e., chitosan and coir, which are known
to decompose up to 500 °C as shown in Figures 2-8 (for chitosan) & 2-18 (for coir fibre).
It infers that the weight loss occurring after 500 °C is mainly caused by changes occurring
in the HAp solid component.

After heating up to 1000 °C, about 40% of the mass is left behind for the CH/bHAp/CF
composite and about 20% for the CH/cHAp/CF composite, as shown in the following
Figure 3-18. The higher residual mass % for the CH/bHAp/CF composite could be due
to more incorporation of the bHAp into the CH/bHAp/CF composite material than cHAp
in the CH/cHAp/CF composite.

These observations of more residual for the bHAp-based composites indicated that the
bHAp was relatively more able to incorporate into the composite materials than cHAp. A
similar mass of both the HAps was used to make composites with these materials. As 1 g
of bHAp was used to make a composite with 1 g of chitosan, and similarly, 1 g of cHAp
was added into chitosan to make the composite. Similarly, 1:1:1 of three components was
used to form the CH/HAp/CF composites. It could be assumed that less cHAp
incorporates into the composites than bHAp, as explained earlier in the TGA analysis of
the control composite (see section 3.4.1.4 above).

Additionally, the comparison of the TGA analysis of the raw materials (chitosan, HAp
and CF (Figure 2-8, 2-15 and 2-20, respectively) with their composite system
(thermogram of CH/HAp/CF composites in Figure below) indicated that the chitosan and
CF completely burnt off up to 550 °C, while beyond this temperature the residue in the
pan is assumed to be HAp, indicating at least 20-40% weight of HAp in these composites

(see Figure below).
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Figure 3-18: Thermograms of the CH/cHAp/CF and CH/bHAp/CF composites

3.4.3 Characterization of the Chitosan/cHAp/SCGs and
Chitosan/bHAp/SCGs Composites

3.4.3.1 SEM/EDX analysis of the CH/cHAp/ SCGs and CH/bHAp/SCGs composites
Figure 3-19 and Figure 3-20 represent the SEM micrographs of the SCGs-based

composites. These show a rough and pitted surface with rifts and cracks. The open
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channels noted in Chapter 2 on the surface of the raw SCGs (Figure 2-19) are not visible
in the SEM of the CH/HAp/SCGs composites. It could be due to the deposition of the
SCGs with the chitosan/HAp solid mix, which possibly “fill voids” with co-deposited
material. The literature available on the synthesis of such composites of SCGs with
biopolymers or apatites is very sparse; hence interpretations of the nature of the
morphology and why it is that way cannot be firmly concluded.

The EDX analysis is shown in Figures 3-19 & 3-20. Carbon is the principal element of
these composites, accounting for 29-37% and also confirming the successful
incorporation of the SCGs (as well as the chitosan) into the composite. Oxygen is the next
most abundant element accounting for 31-34% by weight, with the remaining elements
of Ca, P and Mg confirming the presence of hydroxyapatite into the composites. As
observed in earlier analyses, Mg is present only in the bHAp composite due to its natural

origins (bovine bone).
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Figure 3-19: SEM micrograph and EDX analysis of the CH/cHAp/SCGs composite
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Figure 3-20: SEM micrograph and EDX analysis of the CH/bHAp/SCGs composite

3.4.3.2 FTIR analysis of the CH/cHAp/SCGs and CH/bHAp/SCGs composites

Figure 3-21 shows the IR spectra of the CH/cHAp/SCGs and CH/bHAp/SCGs
composites. The characteristic IR absorption peaks observed in the spectra are
summarised in Table 3-3 and assigned to chitosan, HAp or to vibrations associated with
the spent coffee grounds.

Key changes in the IR spectra of the SCGs were observed when they became part of the
composite. For instance, the characteristic vibration of the C=0 stretching band (at 1742
cm™) associated with ester linkages (fatty acids) disappeared in the spectra of the
composites. The C-O and C-O-C stretching vibrations of both chitosan and the SCGs
were difficult to observe, possibly due to the overlapping of these peaks with the peak
due to the phosphate group vibrations from hydroxyapatite in this region of the spectrum.
However, the C=0 vibration of amide | (in chitosan) and that of C=C (phenolic
compounds of SCGs) are visible around 1650 cm™. The presence of hydroxyapatite is
confirmed by peaks appearing in the spectra due to the phosphate groups in HAp around
550-600 cm™ and 1038 cm™.
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Table 3-3: Characteristic IR absorption peaks of CH/cHAp/SCGs and CH/bHAp/SCGs**#

445 443

Assignments Wavenumber (cm?)
-OH (adsorbed water and -NH stretching (amino | 3430

group of chitosan)
CH stretching in backbone structure of cellulose | 2930-2850
(SCGs) and polysaccharides (chitosan)

CH bending (chitosan) 1320
PO4* bending modes in HAp 620-550
C-0O and C-0O-C stretching of chitosan 1200-900
PO.* (stretching modes) of HAp 1038

C=0 (amide I) and C=C of phenols in SCGs 1650
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Figure 3-21: FTIR spectra of the CH/cHAp/SCGs and CH/bHAp/SCGs composites as well

as those of the raw chitosan and SCGs materials
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3.4.3.3 Powder X-ray diffraction analysis of CH/cHAp/SCGs and CH/bHAp/SCGs

The powder X-ray diffraction patterns of chitosan/hydroxyapatite/SCGs composites are
given in Figure 3-22. The most prominent peaks in these are that of hydroxyapatite which
was observed at 26=25.8° and 26=31.7° (as observed in the control composite Figure 3-
12), while the presence of chitosan could be inferred from clear peaks at 26= 10° and 26=
200377400401 - A small diffraction peak at 20=22.7° was attributable to crystalline cellulose
present in SCGs, which agrees with the reference XRD for cellulose, ICDD =00-050-
2241. Both composites showed similar diffraction patterns with broad peaks. The broader

peaks are due to the poorer crystallinity of the reprecipitated HAp solid in the composites.
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Figure 3-22: X-ray diffractograms of the CH/cHAp/SCGs and CH/bHAp/SCGs composites
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3.4.3.4 Thermogravimetric analysis of CH/cHAp/SCGs and CH/bHAp/SCGs

The thermograms of the CH/cHAp/SCGs and CH/bHAp/SCGs composites are presented
in Figure 3-23. Two weight-loss events were observed at approximately 100 °C and
300 °C and counted for about 13 % and 40% of the observed weight loss, respectively.
No significant weight loss was observed after 550 °C.

The first weight loss is attributed (as seen in TGASs of other composites) to the dehydration
of the composite material. The second weight loss is due to the oxidation and combustion
of the carbonaceous components of the composite (i.e., chitosan and cellulose). Low
weight losses were observed after 500°C and could be due to the decomposition of
carbonates associated with the reprecipitated HAp. The HAp itself (both types) does not
lose much mass in this region due to its thermal stability apart from carbonate
decomposition. This is reflected in Chapter 2, when the individual HAp starting materials
were characterised. The thermogram of CH/cHAp/SCGs composite is different from the
thermograms recorded earlier for the cHAp-based composites. As the earlier cHAp-based
composites showed a constant weight region starting from 550 °C or higher temperatures,
the residual weight (in the pan) for the cHAp-based composites was always less than the
bHAp-based composites of similar materials. The CH/cHAp/SCGs and CH/bHAp/SCGs
show similar residual mass (47%). It could be due to an earlier mentioned reason (section
3.4.1.4) of more observed HAp incorporation in the bHAp-based composites than what
occurred in the cHAp-based composites.

A white powder with a minute touch of greyish material was collected at the end of the
TGA analysis (at 1000 °C), representing the composite's inorganic (HAp) part. Both
composites show similar weight loss patterns in the TGA analysis and confirm XRD,
SEM, and FTIR findings, which also show similar characteristics for both composites.
The comparisons of thermograms of the raw materials (chitosan (Figure 2-8), HAp
(Figure 2-15) and SCGs (Figure 2-25) with the thermograms of the composites (given
below) indicated that the chitosan decomposes completely under a temperature of 600 °C,
while a major part of the SCGs also burnt off in a temperature range of 600-700 °C. The
residual mass of the CH/HAp/SCGs could be attributed to the ash of the SCGs and HAp,
constituting about 47% of the composite's mass. In this, the major part would be attributed

to the HAp (at least >40%), keeping in view the thermogram of the HAp.
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Figure 3-23: Thermograms of CH/cHAp/SCGs and CH/bHAp/SCGs

3.4.4 Characterization of the Chitosan/cHAp/Zeolite and
Chitosan/bHAp/Zeolite Composites

3.4.4.1 SEM/EDX analysis of CH/cHAp/Zeolite and CH/bHAp/Zeolite composites

In SEM micrographs of the zeolite composites prepared for this study, i.e., Figure 3-24
& 3.25), similar surface morphology was observed for both composites. The typical
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morphology shown was that of formation of large, homogenized particles having
deposition of crystals on the surface. The surface deposition could be hydroxyapatite
agglomerates covering the chitosan and zeolite composite, which aligns with the similar
observations made in another study, where the HAp was reported to cover the surface
where it was a part of a surfactant-modified hydroxyapatite/zeolite composite, which was
synthesised as a copper removal agent*’*.

In EDX microanalyses (Figure 3-24 & 3-25), prominent peaks of oxygen, carbon, calcium,
aluminium, and silicon could be observed as expected. CH/bHAp/Zeolite is differentiated
from CH/cHAp/Zeolite by the presence of the Mg (< 1%) peak, which arises from the
biogenic source of the HAp. Some variation in elemental composition was observed
between the two composites.

Oxygen was found to be the elemental component present by more than 35% by weight
in both composites, followed by calcium from hydroxyapatite (16-17%), carbon from
chitosan (14-15%), as well as Si (10-14%) and Al (1-2%) from the zeolite component of
the composite. The minor elements such as K and Na emanate from the zeolite part of the

composites.
.
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Figure 3-24: SEM micrograph and EDX analysis of the CH/cHAp/Zeolite composite
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B o Elements C 0 P Mg | Na Al Si K Ca Total
wi| Element 14.71 | 4269 | 1048 | 0.26 | 0.86 | 196 | 1063 | 0.83 17.58 | 100.00

Wit.%
Error +/- 0.79 0.62 0.28 | 006 | 0.09 | 0.08 | 0.26 008 | 033
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W1.9%)
Wt % Atom | 2359 | 5140 | 652 | 021 | 072 | 140 | 730 | 041 | 845 | 100.00
Error +/- 126 | 074 | 017 | 005 007 | 0.06 | 0.18 | 004 | 016
(Wt % Atom)
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Figure 3-25: SEM micrograph and EDX analysis of the CH/bHAp/Zeolite composite

3.4.4.2 FTIR analysis of the Chitosan/cHAp/Zeolite and Chitosan/bHAp/Zeolite

composites

Figure 3-26 shows the IR spectra of the CH/cHAp/Zeolite and CH/bHAp/Zeolite
composites. All observed peaks in the spectra and assignments are summarised in Table
3-4.

Table 3-4: Characteristic IR absorption peaks of CH/cHAp/Zeolite and CH/bHAp/Zeolite

composites

Assignments Wavenumber (cm™)
T-O-T bending 470

T-O-T stretching (overlapping PO4®) 1048

Si-O-Si stretching 792

CH stretching (chitosan) 2914

OH stretching 3440

*T refers to zeolite-associated IR vibrations

FTIR spectra of the zeolitic composites appear to be dominated by the spectra of the
zeolite itself. It is evident that the characteristic peaks of PO, from hydroxyapatite are
more challenging to find due to the overlapping of T-O-T framework peaks (*T= Si or
Al) with those peaks due to the phosphate vibrations. The strong peak at around 1050
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cmt corresponds to the asymmetric stretching vibration of T-O-T in mordenite. Similarly,
biopolymeric peaks of chitosan are not visible in the spectra, while those related to CH
stretching exhibited decreased intensity. The low-intensity peaks around 550-600 cm™
are attributed to both mordenite and apatite. Both have characteristic peaks in this region
because of the tetrahedral structural similarities of SiO4* and PO4* in the phosphate and
silicate groups associated with the zeolite and hydroxyapatite*’2. A broad absorption peak
in the region of 3300-3600 cm™ was assigned to the characteristic OH stretching peak,

which is merely due to adsorbed moisture on the composites.
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Figure 3-26: FTIR spectra of the CH/cHAp/zeolite and CH/bHAp/zeolite composites
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3.4.4.3 Powder X-ray diffractogram analysis of the Chitosan/cHAp/Mordenite and
Chitosan/bHAp/Mordenite composites

Figure 3-27 presents the powder X-ray diffractograms of the mordenite (zeolite)-based
composites of chitosan/HAp. The diffraction patterns of mordenite and apatite were
compared with the reference powder-diffraction pattern for HAp (ICDD = 00-009-0432)
and mordenite (ICDD= 00-029-1257), as discussed in Chapter 3. The characteristic peaks
of mordenite were recorded at 20 =9.75°, 22.2°, 25.5°, 26.2° and 27.6° and were in good
agreement with the mordenite reference pattern.

As predicted from the FTIR spectra, the XRD pattern was more dominated by zeolite-
associated features than with those coming from HAp. The most prominent XRD peaks
of HAp at 20 = 31.774, 32.197, 32.902 and 34.049 are hard to distinguish apart from
one clear and broad peak at 31.8. "1, Peaks at 20= 13° and 26 = 23° confirm the presence
of chitosan.

Igbal et al.*”® reported that when the amount of zeolite powder is 10% or more in
composite synthesis, it decreases the intensity of HAp peaks in the diffraction pattern of
composite*”3. It probably implies that in the presence of a higher amount of zeolite, HAp
crystallinity decreases, as shown by the weakness or non-observation of any XRD peaks
due to HAp. Both composites produced showed similar crystallographic features so that

these were unaffected by the source of the HAp.
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Figure 3-27: X-ray diffraction patterns of the CH/cHAp/Zeolite and CH/bHAp/Zeolite

composites as well as those of the raw materials.

3.4.4.4 Thermogravimetric analysis of the Chitosan/cHAp/Zeolite and
Chitosan/bHAp/Zeolite composites

The thermogravimetric analyses for both the CH/cHAp/Zeolite and CH/bHAp/Zeolite

composites are shown in Figure 3-28. In both analyses, two weight-loss events were

observed around 100 °C and another around 250 °C.

The weight loss temperatures were compared with thermograms of the component raw

materials (i.e., chitosan, HAp and zeolite). As was typical, the first weight loss (about
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10%) was attributed to the removal of moisture and dehydration of the powdered
composite material. After 250 °C, decomposition of chitosan starts and structural
dehydration of hydroxyapatite and mordenite zeolite occurs. About 32% and 28% weight
loss was recorded for cHAp and bHAp based composites in this region, starting from
250 °C to 1000 °C, respectively. This confirms the thermal stability of bHAp more than
cHAp, as we have already observed during their characterization.

After 500 °C, the cHAp-based composite did not show any weight loss, while a gradual
weight loss was observed in bHAp based composite. It is already recorded that no weight
loss occurs for raw cHAp (Figure 2-15, Chapter 2) and mordenite (Figure 2-31, Chapter
2) after 550 °C. While the bHAp continues to lose weight (although very little) up to high
temperatures (1000 °C). The trends of weight loss are also visible in the respective
composites of cHAp and bHAp. The residual material of these composites is made up of
both zeolite and HAp.
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Figure 3-28: Thermograms of the CH/cHAp/Zeolite and CH/bHAp/Zeolite composites

3.5 Summary

The characterisation of the composite materials synthesised and discussed in this chapter
is summarised as follows:

In SEM analysis of the CH/HAp (control) composites, CH/cHAp exhibited a
homogenised surface. At the same time, the CH/bHAp was relatively heterogeneous,
showing fine particles deposition at the surface attributed to the deposition of the nano-

bHAp crystal or the composite matrix itself. Overall, both the composites exhibited
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similar morphological characters as particles of irregular shapes. The EDX analysis
showed that Ca, P, C and O were present. The bovine sourced HAp in CH/bHAp
contained an additional feature in the form of a Mg peak in the micrograph. The FTIR
spectra of the composites exhibited fewer peaks than the candidate materials (chitosan
and HAp) after the formation of the composites, showing the poorly crystalline nature of
the materials. Overall, both the composites showed similar morphological and
spectroscopic characteristics, which were attributed to the re-precipitation of the materials
during the synthesis of the composites, which could be a reason for similar HAp
deposition in the composites. The differences between the two composite systems were
recorded in the TGA analysis and XRD analysis. The XRD diffractogram of the
CH/bHAp showed some additional peaks than CH/cHAp composites, attributed to the
higher crystallinity of the bHAp.

Similarly, the residual mass for the CH/bHAp is higher than CH/cHAp. The white
coloured powder residue was identified as HAp. It revealed the relatively less
decomposition of HAp in the CH/cHAp composite, most likely due to its higher
crystallinity of bHAp in the CH/bHAp composite or relatively higher mass deposition of
bHAp than cHAp in their respective composites. Another possible reason could be the
less deposition of cHAp in the CH/cHAp composites due to the lower purity in a
stoichiometric sense of cHAp (as mentioned in section 3.4.1.4).

In the three-component composite systems, SEM analysis showed that the CH/HAp/CF
and CH/HAp/SCGs composites exhibited highly amorphous and irregular surfaces. The
deposition of finely powdered particles of coir fibre dust and spent coffee grounds were
visible in their respective composites in SEM micrographs. The carbon content was high
due to their constitutional components (coir fibre and SCGs along with chitosan), while
the presence of the HAp was evident by the observation of Ca and P peaks. The Mg was
present in the bHAp-based composites so, confirming its biogenic origins. Similarly, the
FTIR and XRD analysis showed similar results for the cHAp and bHAp based composites.
Like the control composites, the TGA analysis exhibited a higher weight loss (%) for
cHAp-based composites (CH/cHAp/CF and CH/cHAp/SCGs) than the bHAp-based
composites (CH/bHAp/CF and CH/bHAp/SCGs). It confirmed the higher thermal
stability of the bHAp than cHAp in the composites. It may also be due to more HAp
content per g when weighing out bHAp compared to cHAp due to the presence of

carbonates in cHAp.
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Chapter 4
Methods and Procedures for Studying the
Removal of Heavy Metals via Novel Synthesised

Composite Matrices

4.1 Introduction

This chapter is exclusively a methodology chapter, which only explains how the use of
the novel synthesised composites in this study were studied in relation to their ability to
remove heavy metal ions from the solution. As similar experimental parameters and
experimental methods were used to analyse the composite systems, this chapter explains
and summarises how the batch experiments used to remove metals were performed in
three systems to evaluate the maximum adsorption capacity and removal efficiency of
composite matrices. This chapter contained no experimental data and was included to
avoid the repetition of mention of methods described in the next chapter (Chapter 5).

In the single metal ion type system, solutions containing only one metal ion were prepared.
These solutions contained Cd, Pb, Cu, and Cr in either cationic (Cd?*, Pb?*, Cu?") form
or in an anionic form (as chromate ion). Removal of these ions from the solution was
studied for the composites produced. The two-metal ion type system used experimental
parameters optimised through the studies of the single metal ion type systems and was
tested with the composites using Cd?* and Pb?" co-dissolved in solution in cationic form.
The third type of system is an “industrial input stream water”” sample, which was taken
from a real-life industrial input stream of a treatment chemical used to protect pine wood
from decay or insect action. This input stream sample contained copper, arsenic (as
arsenate ion) and chromium (as chromate ion). This sample represented a realistic
environmental sample (i.e., containing more than one metal ion type) and tested the
composites in terms of their removal abilities for such samples in a scenario, which was

outside the model solutions prepared for this study.
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4.2 Experimental

4.2.1 Batch experiments

As mentioned earlier in Chapter 1 (section 1.9), batch experiments are conducted to
evaluate the effect of different experimental parameters on the removal efficiencies of the
adsorbents.

In order to carry out the adsorption experiments for testing the ability of the individual
composites to remove heavy metal ions from the solution, a series of batch experiments
were executed by varying environmental conditions in each adsorbent system (i.e., the

composite) when exposed to the selected metal ion solutions.

4.2.1.1 Heavy Metal salts

Analytical grade heavy metal salts were used to prepare the corresponding model
solutions of metal ions that were exposed to the composites produced in this study to
gauge heavy metal ion removal. Stock solutions of 1000 ppm concentration were
prepared for each metal using the salts of metals with preparation details given in Table
4-1.

The following metal salts were used to prepare the respective stock solutions of metals:

Table 4-1: Metal ion salts used to prepare model solutions of metals

Reagent Name Chemical Molar Mass  Purity  Suppliers
Formula (g mol?)
Cadmium Chloride CdCl,. 2.5H0 228.36 ~99.5% BDH
Lead Nitrate Pb (NOz3). 331.208 ~99.0% MERCK
Cadmium Nitrate Cd (NOs3)2. 4 H,O  308.47 ~99.0% BDH
Copper Sulphate CuSOq4 159.60 ~98.0% AJAX
(Anhydrous) Chemicals
Potassium Dichromate K2Cr.07 294.185 ~99.9% Merck

Working solutions used in adsorption experiments were prepared according to the

requirement of each experiment by diluting the metal stock solutions. Concentrations and
volumes of working solutions were calculated using C1V1=C,;V2, where C: and Vi
represent the concentration and volume of the stock solution and C, and V> refer to the

concentration and volume of the required solution.
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4.2.1.2 Stock solutions preparations (1000 ppm)

The quantities of salts needed to prepare these are given in Appendix 2, Table 2-1. The
concentrations and volumes prepared using these salts for conducting the metal removal
experiments are also given in Appendix 2.

Given the hygroscopicity of some of the metal salts used to make the stock solutions, a
minor error could be expected in making up the solutions. Some preventative measures
were taken to minimize the errors in the concentration values, including:

» Storing the stock solutions in plastic containers instead of glass bottles to prevent any
possible adsorption of metal ions that would occur if stored in glass vessels. This
would have compromised the integrity of the concentrations.

* Preparing and using only freshly prepared solutions of required concentrations and
required volumes at the times when experiments were actually conducted.

 Performing a 0.2% acidification of stock solutions using HNOz. The acidification acts
to prevent any unforeseen precipitation of the metal ion and also prevents surface
deposition or adsorption on the walls of the containing vessels

e Measuring the initial metal ion concentrations in solutions before any adsorption
experiments using an atomic absorption spectrometer to confirm the initial (nominal)

concentrations as calculated in their preparation.

4.2.2 Types of metal ion removal experiments

Though the experimental set-up has been described earlier (section 1.8), the
methodologies used to conduct the experiments with the synthesised composites in the
present study are again described below to recap:

Single-metal ion type solution system — These experiments involved exposing the
composites to solutions containing only one heavy metal ion type dissolved in solution
and the adsorption behaviour (model of adsorption/kinetics) with the calculation of the
removal efficiencies.

Two-metal ion type solution systems- These experiments involved exposure of the
composites to solutions containing two types of heavy metal ion dissolved in solution and
the adsorption behaviour (model of adsorption/kinetics) with the calculation of the
removal efficiencies. This probed competitive binding.
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Industrial input stream sample system

This system was an industrial input stream sample that was kindly provided by a company
that subjected wood to the copper chrome arsenate (CCA) treatment. The solution
effectively represented an environmental sample containing three co-dissolved heavy
metal ion types. This was used to evaluate the utility of the synthesised composites to
treat such solutions where competitive metal adsorption would likely be taking place.
Three replicates were used to conduct each batch experiment in order to assess
reproducibility error. Two analytical instruments were employed to analyse the metal ion
concentrations in solutions when the synthesised adsorbents were exposed to these
solutions to study heavy metal ion removal. These analytical instruments included the
atomic absorption spectrometer (AAS) and inductively coupled plasma mass
spectrometer (ICPMS). AAS was used to analyse the metal ion concentration in single-
metal ion type, and two metal ion type solutions. The ICPMS was used specifically to
analyse the industrial input stream sample. The details of analysis using these instruments
and the associated limitation of analysis of these instruments are discussed in the

following section.

4.2.3 Atomic Absorption Spectrometry

Atomic Absorption Spectroscopy (AAS) is a technique used for qualitative and
quantitative analysis of chemical samples by measuring the absorbed radiation by a
specific elemental species of interest. Every atom has its own distinct absorption energy
wavelength, which enables quantitative analysis of samples. Each element has several
energy levels that give very narrow absorption lines in an atomic state. The principle by
which AAS works is that the atoms (or ions) of an element can absorb light of a specific,
unique wavelength. When the sample containing a specific element is exposed to a light
source at the characteristic wavelength of that element, it absorbs the light. The
concentration of the element in the sample is directly proportional to the amount of light
absorbed by the atoms of that element. In AAS, when the sample is introduced to the
flame, it atomises the atoms. The free atoms are exposed to the light (produced from a
specific light source). The electronic transition from the ground state to the excited state
occurs when atoms absorb light of their characteristic wavelength.

Quantitative analysis is achieved by obtaining a calibration curve via the analysis of
standard solutions of known concentration for the elements of interest. These are prepared
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from a stock solution. The AAS uses Beer's Law which states that absorbance is directly
proportional to the concentration of the element. After preparing the calibration curves
(given in appendices) for each element being tested, the curves were used to measure the
actual test sample concentrations.

A weakness of AAS is that it is sensitive to the matrix of the sample. For instance, Ca?*
cannot be analysed in the presence of phosphate ions due to complex formation (insoluble
solids), leading to calcium-associated signals being reduced*’®. The matrix must be
modified by adding various complexing agents (e.g., ethylene diamine tetra-acetic acid,
EDTA) to prevent compound formation, such as between calcium ions and phosphate
ions. Fortunately, matrix effects are well known for the heavy metal ions of interest, so
this was researched in advance and certain mixes avoided. For instance, similar salts of
Pb and Cd (nitrates) were used in a two-metal ion type system.

Experimental: For metals of interest (Pb, Cd, Cu, Cr), no significant interferences were
observed. Standard solutions of at least three known concentrations were prepared for
preparing a calibration curve. The solutions were then analysed by a Flame atomic
absorption spectrometer (GBC-Model: AVANTA G (Graphite furnace). Standard

instrumental settings used in this for each metal analysis are given in Table 4-2.
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Table 4-2: Instrumental settings to analyse metal ion solutions

Instrument settings table for metal analysis

Principal

Lamp

Metal Sensitivity Flame type I Flame interferences Correction
ine Current
Chromium 0.05 Alr/Aceterne (Fuel 35791m | 12 mA Transition el_ements _could affect Use lean flame
(Cr) rich) the response in fuel-rich flame
?ég)mlum 0.01 Air/Acetylene (Lean) | 228.8nm | 6 mA Silicates could affect the response | No interference
Copper (Cu) | 0.035 Air/Acetylene (Lean) | 324.8nm | 5 mA Transition glements_ in  the | No major interferences
presence of mineral acids were observed

2170 or 283.3 nm line is used

Lead (Pb) 0.1-0.2 Air/Acetylene (Lean) 283'3 nm 8 mA No major interferences for a better signal to

noise ratio
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4.2.4 Inductively Coupled Plasma Mass-Spectrometry (ICP-MS)

The heavy metals of interest in industrial input stream samples, such as arsenic, were not
amenable to the AAS technique due to a lack of lamps, or the technique could not be used
for that element. In such a case, an alternative elemental analysis technique was employed,
namely Inductively Coupled Plasma Mass-Spectrometry (ICP-MS). This technique is
used to analyse and determine elements in different samples by combining an Inductively
Coupled Plasma (a state of Argon at very high temperatures) with a mass spectrometer.
The sample is typically converted into an aerosol for introduction into the ICP plasma by
aspirating the sample through a nebulizer, or (in the case of ablation studies) a laser may
be used to convert an initially solid sample directly into an aerosol. These aerosols are
then converted into a gaseous state, followed by ionization (atoms convert to ionic form).
After this, these ions are brought into the mass spectrometer to analyse where they are
detected by separating them according to their mass-to-charge ratio. Arsenic is able to be
analysed by using this technique as the correct lamps were not possessed to analyse this
element by AAS.
ICP-MS has superior detection capability and offers many advantages over other
analytical techniques such as atomic absorption spectroscopy (AAS), ICP-Atomic
Emission  Spectroscopy (ICP-AES), and Optical emission spectroscopy.
Some of these advantages include
e Better detection limits for the various elements
e Minimum matrix interferences (though other “mass” interferences due to Ar gas
combinations may occur, which can confound mass spectral analysis because their
masses coincide with that mass of species being analysed)
e Superior detection abilities
e Provision of isotopic information which can be modelled and hence predicted for
direct comparison and confirmation (however, only one isotope of each metal was
selected (with the least number of mass spectral interferences), and the
concentrations measured were employed to assess the metal ion removal
efficiencies of the synthesised composites
e Capability to do multi-element determination compared to AAS, which is restricted

to measurements of one element concentration at a time in samples.
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A prime disadvantage of the technique (aside from the mass spectral interferences) is cost

because the Argon gas used to create the plasma is relatively expensive.

4.2.5 Parameters for studying the removal of metal ions from single metal

ion systems by the composites generated in this study

4.25.1 Initial metal ion concentration

Initial metal ion concentration is an important factor as it provides the initial driving force
for an instantaneous adsorption process. When more metal ions are present in the solution,
the more they tend to adsorb on the available binding sites of the adsorbent. However,
after the equilibrium adsorption time or after the saturation of the active/binding sites (at
adsorption equilibrium), a further increase in the initial metal ions does not affect the
adsorption ability of the adsorbents.

Experimental: The initial concentrations of heavy metal ions exposed to the composite
samples were calculated by the method as described by Mohammad et al.*%. Initially, 0.1
g of adsorbent (composite sample) dose was added to aqueous solutions of the heavy
metal ions of different concentrations (e.g., 5 to 50 ppm) at an optimum pH (initial pH of
metal ion solution 4-6, see below) and time (minimum 2 h). The usual experimental
procedure involved shaking of the composite with the metal ion solutions to effect
adsorption, filtration of composite from the solution and analysis of the residual
concentration of metal ions in the filtrate solution. The optimum initial metal
concentration was selected by repeating the batch experiments using varying
concentrations of metal ions. The optimized initial metal concentrations used to evaluate
metal ion removal efficiency for the composites are summarised in Table 4-3.

Table 4-3: Initial metal ion concentrations used in batch experiments

Metals (in cationic Initial Metal ion Adsorbent Time Solution volume
or anionic form) concentration (ppm) dose (9) (minutes) (mL)

Cadmium (Cd) 5, 10, 15, 20, 25

Lead (Pb) 10, 20, 30, 40,50

Copper (Cu) 5,10,15, 20, 25 0.01 120-180 20

Chromium (Cr) 10,20,30,40,50
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Trend recorded in the literature for the effect of initial metal ion concentration on
adsorption capacity of adsorbents:

Generally, an increase in initial metal ion concentration was found to increase the
adsorption ability of the adsorbents. The studies on heavy metal ion adsorption reported
an increase in the adsorption capacity of the adsorbents with an increase in the initial
metal ion concentration in solution, and the increase in adsorption was attributed to the
availability of more metal ions to adsorb on available binding sites (or per unit mass of
the adsorbent). In contrast, a lower concentration of metal ions causes a barrier in the
mass transfer of metal ions between the liquid and solid phase surface by limiting ion
diffusion. Contrary to this, higher concentrations of metal ions in the solution obviously
help to overcome these limitations by providing a driving force for more metal ion
adsorption by increasing the diffusion process*"47®,

4.2.5.2 Adsorbent Dose

Adsorption efficiency is affected by the number of available active sites or surface area
of the adsorbent, especially for an adsorption-based mechanism, as it is a surface
phenomenon*’’.

Experimental: The effect of adsorbent dose on metal ion removal efficiency was
evaluated for various adsorbent doses ranging from 0.01 to 0.05 g by keeping other
parameters, e.g., metal ion concentration, contact time, and the volume of the metal ion
solution exposed and pH constant. The procedure of shaking (solution exposed to
adsorbent dose), centrifugation (at equilibrium time) and filtration were consistently
followed prior to the analysis of metal ions using the atomic absorption spectrometer
(AAS).

Trend recorded in the literature for the effect of adsorbent dose on adsorption capacity
of adsorbents:

The literature studies reported that an increase in the dose of adsorbent exposed to the
metal ion solutions (at a given constant concentration) was found to improve the removal
efficiencies of the adsorbent. This can be obviously attributed to the availability of more
binding/active sites for the adsorption of metal ions from the solution. In contrast, the
adsorption capacity was always found to decrease with an increase in the adsorbent dose
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as the adsorbent has an inverse relation with the quantity of adsorbate adsorbed, which is

calculated as milligrams of adsorbate per gram of adsorbent.

4.2.5.3 Initial pH of the metal ion solution

The pH of the solution can be a critical factor in terms of its influence on the removal
efficiency of heavy metals by a specific adsorbent. The pH value plays a vital role in the
removal mechanism by changing the charge on the surface of the adsorbent. For instance,
the protonation of the functional groups in acidic conditions pH <5.0 could affect the
adsorption abilities of the adsorbent. The active sites are occupied by the protons in acidic
conditions (at low pH) and can reduce the adsorption of the targeted metal cations.
Alternatively, relatively less acidic conditions such as pH > 4.5-5.0 may favour the
adsorption of the metal cations as a result of deprotonation of the binding sites as the
proton concentration.

pH may also alter the solubility of the metal ion in the solution. Under some conditions,
the metal ions targeted for removal from a solution may do so predominantly via a
precipitation mechanism due to the formation of insoluble hydroxide salts due to the
higher pH; hence, it is essential to be conscious of this phenomenon to account for it when
studying metal adsorption on substrates. Thus, the pH range for different metals was
selected and adjusted, keeping in mind the relative solubilities of the metal salts studied.
For instance, a milky solution was observed for the solution containing Pb?* ions at
pH >5.5, which could be attributed to the formation of Pb(OH)., as reported in other
studies*’®. Similarly, for copper ion removal, any solutions with pH above 6.0 were not
studied in batch experiments involving composites due to their precipitation as a copper
hydroxide salt above that pH value*®.

Experimental: A range of pH values from 4 to 8 for the cadmium and chromium-based
solutions were used, while for copper and lead-based solutions, a pH range of between 4
and 5.5 was used. A constant amount of adsorbent (e.g., 0.01 g/20 mL of solution or 0.05
g/20 mL) for a constant initial concentration of metal ions (e.g., 50 ppm of Pb?") and a
specific time of contact (2 h) were used for a range of pH values to evaluate the metal
removal efficiency adsorbents. The pH was adjusted by using (0.1 M HCI or NaOH).
The suspensions were shaken, centrifuged and filtered after appropriate exposure times

and then analysed to assess for metal ion removal efficiency by AAS. The optimal pH at
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which removal efficiency is maximised was recorded for each composite material system
tested.

4.25.4 Contact Time

It is evident from the literature that the contact time of adsorbent with adsorbate is also
an important parameter influencing removal efficiency but, more importantly, from the
point of view of knowing when equilibrium will be established in terms of surface
adsorption/ion exchange. In the initial stages, due to the availability of a larger number
of available active sites, the removal rate is high but slows down over time as the surface
attains a monolayer?®!, as the active sites become occupied through adsorption of heavy
metal ions on the sites.

Experimental: The experiment was performed to test for the influence of contact time
between the time ranges of 1 to 120 minutes by keeping other conditions (such as initial
metal ion concentrations, pH, and adsorbent dose) constant. To give a degree of control
and to allow for comparison, a constant amount of adsorbent was added to the metal ion
solution (at a pre-decided initial concentration and optimum pH value for the solution).
When the composite was mixed with the heavy metal ion solution in such experiments, it
was kept under continuous magnetic stirring, followed by removal of the composite from
the solution by filtration using 0.45 um syringe filters and analysis by AAS at regular
time intervals. For the first 5 minutes of exposure of the composite to the solution,
readings of metal concentration in the stirred sample were taken every 1 minute; after that,
readings were taken every 5 minutes up to 15 minutes total exposure time and, then after
15 minutes, solution measurements were taken every 30 and 60 and 120 minutes. The
data recorded in the kinetics experiments were employed in kinetic modelling to explore
the kinetic behaviour and adsorption mechanism by kinetic models mentioned in Chapter
1 (section 1.11).

Once an equilibrium time was established from the contact time experiments, the decision
was made to use this determined exposure time in later soaking experiments where the

desire was to determine adsorption capacities (adsorption modelling experiments).
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4.2.6 Parameters studied for the two-metal ion type system

A two-metal ion type system was designed by using optimized parameters developed as
a result of carrying out the single metal ion system experiments. In investigating these
systems, only solutions containing Pb?* and Cd?* ions were studied due to limiting factors
developing during this research, such as shortage of time due to the 2020 COVID-19
lockdown in New Zealand), instrument breakdown (centrifuge and AAS) and the cost
factor due to the need to use an alternative, more expensive analysis technique such as
ICP-MS.

Experimental: The desired combinations of Pb?* and Cd?* in equimolar concentration
solutions were prepared. Two adsorbent doses, i.e. 0.01 g and 0.05 g, were used, taking
them as a minimum and maximum quantity of adsorbent. After adding the composites,
the samples were collected at different time intervals, allowing a maximum time of 180
minutes to attain equilibrium.

Single metal ion type and two-metal ion type systems helped to evaluate the optimum
experimental parameters to remove heavy metals ions from water. However, the
industrial input stream samples were a three-metal-ion-type system with high
concentrations.

Experimental: An industrial input stream solution containing high concentrations of Cu?*,
Cr (as chromate ion) and As (as arsenate ion) was provided on request from a wood
treatment industry. Initial characterization of this input stream solution was done prior to
its use (as a diluted solution) in adsorption experiments.

The water pH was adjusted between 4-5 using 0.1 M NaOH. The dilution was done to
make working solutions of the industrial input stream solution using Type | water.

4.2.7 Data Analysis

All experimental data were analysed using different equations to calculate the adsorption
capacities and removal efficiencies. The removal efficiency (%) was calculated by using
the following equation:

Equation 4-1:

Removal = % x 100%

i
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In the above equation, Co and Ce are the initial and equilibrium concentrations of metal
ions in solution (mg L), which are analysed using an Atomic Absorption Spectrometer
(AAS).

The quantity of adsorbate that is adsorbed by the adsorbent for a concentration and
volume of solution is calculated experimentally using equation 4.2

Equation 4-2

q. = (Co— CV
m

In the above equation, C, and C. are adsorbate initial and equilibrium concentrations in

the liquid phase (mg L™). V is the volume of the solution in L and m representing the

mass of adsorbent added (g), while ge is the equilibrium quantity of sorbate in the solid

phase (mg g™>.

4.2.8 Statistical Analysis

It has been already mentioned that the experimentation involving soaking of composites
in metal ion solutions to gauge removal efficiencies was done in triplicate to ascertain
reproducibility error. For each optimised soaking experiment (from which AAS or ICP-
MS data had been obtained), the standard error (SE) for recorded data was carried out by

using the following formula in Microsoft Excel:

SE =—
~Vn

Where "c" is the standard deviation and "n" is the number of measurements/replications.
4.2.9 Non-Linear Regression Method

A method to overcome the limitations of the linear regression for the adsorption
modelling (mentioned in section 1.7), is to use non-linearised regression functions by
employing the true sorption modelling equations to fit the data to a model. It requires an
assessment of the error analysis using the error functions (or non-linear regression
functions) to optimise procedure®®*,

Different non-linear regression functions have been used to determine the best-fit model
in earlier literature by calculating the coefficient of determination (R?) for non-linear
regression functions®¥°8, Among them, a few that have been used in this study for
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adsorption and kinetic modelling of experimental data>*° are given in appendix 1.3 A.
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Chapter 5
Results and Discussion: Metal Removal

Experiments using Composite Matrices

After the detailed discussion of the characterisation of synthesised composites and
confirmation of the successful incorporation of candidate components into the composite
adsorbents, the next step was to employ the synthesised adsorbents into the metal removal
systems. In the previous chapter (4), the experimental parameters studied to evaluate the
removal efficiency of the composite adsorbents and methods employed to conduct the
experiments were summarised. This chapter includes the results obtained in metal
removal experiments using the composite matrices (the preparation of which was
discussed in detail in chapter 3). The objective of this chapter is the evaluation of the
removal efficiency of synthesised composites for the adsorption of metal ions in different
removal systems. A comparison between cHAp-based components and bHAp-based
composites was also studied to find out the better composite system between the two
hydroxyapatites. Additionally, a comparison between two-component composite systems
(regarded as a control) and three-component composite systems was also drawn to
evaluate how the addition of a third component affected the removal ability of the control
composites.
To recap, this study considered four novel composite systems, which were tested for their
ability to remove heavy metals from model solutions and a real-life
"environmental/industrial-style” sample. These composite systems were as follows:

¢ Chitosan/Hydroxyapatite (CH/cHAp and CH/bHAp)

e Chitosan/Hydroxyapatite/Coir Fibre (CH/cHAp/CF and CH/bHAp/CF)

e Chitosan/Hydroxyapatite/SCGs (CH/cHAp/SCGs and CH/bHAp/SCGs)

e Chitosan/Hydroxyapatite/Zeolite (CH/cHAp/Zeolite and CH/bHAp/Zeolite)

Chitosan/hydroxyapatite (CH/HAp) composites were considered as a "control” as these
were composed of two components only (viz., chitosan and HAp), to compare the

removal efficiencies of the other three systems studied, which were made up of an
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additional third component in addition to the chitosan and HAp. This served to ascertain
whether the addition of the third component (e.g., coir fibre, zeolite and spent coffee
grounds (SCGs)) to the chitosan/hydroxyapatite "base composite” was increasing,
decreasing, or having zero or a marginal effect on their removal efficiency toward heavy
metal ions from aqueous solution.

Each composite system (in all, four studied) was made up of two different types of
hydroxyapatite source (called “commercial” or “bovine”), which allowed comparison of
"synthetically” derived or bovine-derived hydroxyapatite. In essence, given the
characterisation results of Chapters 2 (i.e., the raw materials used in this study) and
Chapter 3 (the synthesised composite systems), these experiments were effectively
comparing "crystalline HAp" (the bovine-derived HAp) to "lower crystallinity/more
carbonated HAp" (the “commercial” HAp).

All the synthesised composites (mentioned above) were investigated in three different
sampling scenarios (mentioned in chapter 4, section 4.2.2) to test the heavy metal ion
removal efficiency of the composite materials. These sampling scenarios related to how
many metal ion types existed in the solutions to be treated. These are discussed in detail

with respect to each composite system synthesised and studied.

5.1 Single-metal ion type solution system for the synthesised

composites (commercial & bovine-derived)

5.1.1 Experiments involving the removal of metal ions by the CH/HAp
composites (commercial & bovine-derived) from the single-metal ion type

system

As mentioned earlier, this is the two-component composite system against which
comparisons of the three-component composite matrices were made in this study.

Chapter 3 detailed the spectroscopic and microscopic characterization of the
chitosan/hydroxyapatite (CH/HAp) composite system (section 0). In this section of
Chapter 5, the CH/HAp composite system was tested for its heavy metal ion removal
ability in the single-metal ion type solution systems, following the general experimental
methodologies described in chapter 4. The specific methods used in each batch

experiment are, however, described in their respective sections below.
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The following describes the results of using this composite system to remove Cd?*, Pb?",
Cu?* and Cr (as chromate ions) from various model solutions and their adsorption and
kinetic modelling to understand better the adsorption mechanisms undergone by each
metal ion and the kinetics of the adsorption process on the composite system. Given that
the CH/HAp composite systems functioned as a reference system for the three-component
systems, three-component composites studied (see later sections of thesis), comparisons
of the adsorption behaviour and kinetics will be made with the data collected and
conclusions drawn for these two-component composite systems.

The following sections discuss “the effects of the experimental parameters” on the
removal efficiency of the CH/HAp composites for the removal of metal ions using the
solution containing only one type of metal ions dissolved. It also includes the adsorption
and kinetic modelling of the composites to understand better the removal mechanism
involved in the metal ions removal and estimate the maximum adsorption capacity of the

CH/HAp composites for the metal ion adsorption (in mg g).

5.1.1.1 Effect of adsorbent dose on metal ions removal by the CH/HAp composites

Experimental: The effect of adsorbent doses on Cd?*, Pb?*, Cu?* and Cr as chromate ions
removal was measured by varying the adsorbent dose between 0.01g to 0.05 g for an
initial metal ion concentration of 25 ppm for Cd?* and Cu?* adsorption and 50 ppm for
the Pb?* and Cr (as chromate ions) removal. The experiments were conducted without
any pH adjustment at an initial metal ion solution pH of 4.0-6.0. The removal (%) and
adsorption capacity (mg g™) of the CH/HAp composites were calculated using equations
4-1 and 4-2, respectively, in Chapter 4. No precipitation of the metal ions was noted in
the solution at this pH.

Results: Table 5-1 (and Figures 4-1 to 4-4, Appendix 4) presents the metal ion adsorption
capacity (mg g?) and removal efficiency (%) as measured by Atomic Absorption
Spectroscopy (AAS) and calculated using equations 4-1 and 4-2 for the CH/HAp

composite system with different adsorbent doses ranging between 0.01g to 0.05 g.
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Table 5-1: The effect of the adsorbent dose on the removal efficiency (%) and adsorption
capacity (mg g*) of the CH/HAp composites for the adsorption of the metal ions in the
single-metal ion type solution systems

The effect of the adsorbent dose on removal (%) of metal ions using the CH/HAp composites

Dose 0.01 0.02 0.03 0.04 0.05
Cd*> 31.78 4950 60.25 67.37 7240
CH/cHAp Pb** 4957 8538 9488 96.12 96.59
Cu?* 26.84 4859 6145 70.44  80.25
Cr (as chromate ions) 21.00 2411 26.07 2753 29.10
Cd*> 39.45 69.03 87.28 9522 97.89
Pb** 8799 99.75 99.83 99.89  99.95
CH/bHAP Cu** 3468 66.89 8324 86.06 87.93
Cr (as chromate ions) 1700 1895 2050 2185 23.28

The effect of the adsorbent dose on the adsorption capacity (ge in mg g*) of the CH/HAp
composites with respect to the metal ions adsorbed

Cd* 15.89 12.37 10.04 8.42 7.24
Pb?* 49.57 42.69 31.63 24.03 19.32
CHicHAD Cu 1342 1215 1024 880 803
Cr (as chromate ions) 21.00 12.05 8.69 6.88 5.82
Cd* 19.72 17.26 14.55 11.90 9.79
Pb>* 87.99 49.88 33.28 2497 19.99
CH/bHAp Cu* 1734 1672 1387 1076  8.79
Cr (as chromate ions) 17.00 9.47 6.83 5.46 4.66

As Table 5-1 shows, a gradual increase in removal efficiency and a gradual decrease in
adsorption capacity (mg g™) of both the composites were observed with an increase in the
adsorbent dose for all the metal ions studied. The CH/bHAp composite showed a higher
removal of metal ions studied at equilibrium than the CH/cHAp composites.

The CH/bHAp showed >95% removal of Cd?* ions at equilibrium (after 2 h) for 0.05 g
of adsorbent, while the CH/cHAp composite achieved approximately 72% removal under
the same conditions. Similarly, the % removal of Pb?* was 96% and 99% for a 0.05 g
adsorbent dose of CH/cHAp and CH/bHAp, respectively. The Pb?* removal (%) is higher
for CH/bHAp (99.75%) than CH/cHAp (85.37%) at lower adsorbent doses (0.01-0.02 g).
The removal efficiency of Pb?* plateaued for doses > 0.03 g for both the composites.
Hence, 0.03 g was found to be the optimum dose for realising the maximum removal (%),
I.e., 96.58% and 99.95% for CH/cHAp and CH/bHAp, respectively. The removal%
values for Cu?* ions agree with the observations made for the Cd?* and Pb?* adsorption
on the CH/HAp composites, which indicated that the removal of Cu?* ions was better on
the CH/bHAp composites than the CH/cHAp composites (Table 5-1).

The general trend of reduction in adsorption capacity (mg g?) with increasing the

adsorbent dose could be explained mathematically by equation (4-2). The adsorption
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capacity (ge) is inversely proportional to the mass of adsorbent (m) in grams (g), affecting
equilibrium between the metal ion concentration in solution and active sites when the
dose increases (with metal ion concentration in the solution being kept constant)*°, So,
the increase in removal efficiency is attributable to there being more adsorption sites (such
as amino and hydroxyl groups in chitosan and HAp (referring to FTIR analysis in Chapter
2) on the adsorbent surface with an increase in adsorbent dose. Hence when the adsorbent
dose is increased for a constant concentration of adsorbing ion, there is a greater surface
area provided by the CH/bHAp or CH/cHAp composites.

The different results shown by the CH/cHAp relative to the CH/bHAp composites (Table
5-1) can be understood by estimating the specific surface areas using average particle
sizes from the Mastersizer analysis (included in appendix 3). The estimated specific
surface area of the CH/bHAp composite was found to be higher (51.69 m?/kg, Appendix
3, Figure 3B) than that of the CH/cHAp composite (27.98 m?/kg, Figure 3A). Hence the
better removal efficiency (%) of the CH/bHAp composite relative to the CH/cHAp
composite can be directly attributed to this higher surface area of the bHAp-based
composite system.

This was reasoned to be the best explanation for the difference even though the
Mastersizer estimation of the specific surface area is at best approximate due to several
factors such as the heterogeneity of composites and the dissolution or detachment of
component materials making up the composites. The accuracy of measurement using this
analysis is also compromised by the shape of the particles, as for the measurement of
particle sizes, it assumes that the particles are spherical®. In addition, the specific surface
area estimation by the Matersizer analysis is linked with the particle sizes of composites;
for instance, the average particle size of CH/cHAp composites (the median given as Dv
(50)) was 313 pum (Figure 3A), providing relatively less specific surface area than
CH/bHAp composites (average particle size 282 um). It illustrates that the heterogeneity
in the particle sizes of the adsorbent doses exposed to the metal ions solutions could be a
factor to influence the specific surface areas and affecting the adsorption abilities of the
composite systems.

Besides the specific surface area, more incorporation of bHAp mass into the composite
(CH/bHAp) than cHAp in CH/cHAp composite could be considered as a factor for the

better adsorption ability of the bHAp-based composite system as mentioned earlier in
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TGA analysis of the CH/HAp composites (section 3.4.1.4). The higher quantity of HAp
in composite directly can influence the adsorption of metal cations by providing more
adsorption sites, which could be favourable for their application in water treatment
systems.

The optimum dose is an essential factor in improving the adsorbent’s adsorption capacity.
The adsorption capacity of the CH/cHAp composite could be enhanced by increasing the
adsorbent dose up to an optimum level by keeping the ion concentration in the solution
constant. This would cause greater metal ion removal by providing more adsorption sites
for Cd?* present in the solution, as observed in an earlier study*®?, in which maximum
adsorption (with a plateau in the graph) was achieved by increasing the adsorbent dose
up to 1.0 g, with an optimum removal efficiency (value not mentioned) for Cd?* removal.
Further, it was noted that higher removal efficiencies (%) for Pb?* ions were attained for
adsorption on CH/bHAp composites at low adsorbent doses, which were attributed to its
relatively higher surface area. Both composites performed well in terms of Pb?* removal
when doses exceeded 0.03 g. The adsorbent dose of the CH/HAp composites for attaining
a maximum removal of at least >95% for Pb?* was lower (0.03 g) than required for Cd?*
and Cu?* ions (0.05 g). It illustrated that the CH/HAp composites were more efficient at
removing Pb?* than Cd?* (See Figure in appendix 4 for reference). The literature studies
in this area have cited several mechanisms for explaining cation (Cd?" Pb?* and Cu?")
uptake on adsorbents, such as ion exchange, chemisorption, complexation, and
precipitation on hydroxyapatite based composite systems>2483484 (see section 1.6),
additionally the Pb?* ions were more preferentially adsorbed than Cu?* and Cd?* on such
composite systems.

Table 5-1 also summarises the effect of adsorbent doses for chromate anion adsorption
and removal on the CH/cHAp and CH/bHAp composites. A general trend of gradual
increase in removal efficiency is in line with the observations recorded for cation removal.
However, it was noted that the maximum removal of chromate ions did not increase
beyond 30% for the batch experiments containing the maximum adsorbent dose of 0.05
g. In contrast, the composites were found to achieve approximately 80-99 % removal of
the cations from those solutions (see Table 5-1).

The surface group charges of hydroxyapatite and ionic species of chromium present in

the solution influence the specific behaviour relating to the removal of chromate by the
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CH/HAp composites. Hokkanen et al.'*? explained the different possible mechanisms
which could be involved in chromate ion removal by hydroxyapatite in particular which
include 1) the ion-exchange between the negatively charged species (hydroxyl) in the
crystal lattice of the HAp adsorbent and the chromate anion in solution 2) the electrostatic
attraction between the chromate (anion) and positively charged species present on the
surface of the HAp adsorbent, 3) the electrostatic attraction between the chromate (anion)
and protonated hydroxyl groups present on the surface of the HAp adsorbent, in acidic
conditions.
Hokkanen et al.**? described these mechanisms assuming that the -Ca?*, -PO4> and -OH"
functionalities were the principal surface functional groups on the surface of HAp. The
dominance of the species HCrO4 for pH < 7.0 (and >5.0) could cause an ion-exchange
reaction between hydroxyl groups (but not phosphates) of hydroxyapatites and this
anionic species. Different chemical reactions occur in this pH range in solution to produce
“HPO4Ca™ and “OH2"™ (positively charged hydroxyl groups) on the surface of the HAp,
resulting in the potential for electrostatic interactions and ion-exchange reactions to
remove HCrO4 132 from the solution. The mechanisms for the removal of chromate ions
using the HAp as an adsorbent, as given in the previously reported studies, are discussed
below.
N.B. *(HCrOys is denoted as “Me”, and the surface of the adsorbent is indicated by the
symbol “=”)
An ion-exchange mechanism involving hydroxyapatite to remove Cr (V1) ions from the
solution
lon-exchange between the hydroxyl groups and metal anions (Me) was presented as
follows:
Equation 5-1:

=Cay (PO4) x(OH)x + H30" + xMe =Cayx (POs)xMe + H0
Electrostatic interaction between positively charged surface groups and negatively
charged Chromate ions
The most dominant ionic species in a chromate ion solution*®® are CrO4> and HCrO4
when considering a pH range of 2.0 <pH <5.0. In this pH range, the high concentration
of protons in the solution causes the protonation of the functional groups of chitosan and

hydroxyapatite, producing ionic species such as -NHsz* and -OH;". These positively
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charged ionic species on the surface of the adsorbent can attract the negatively charged
chromate ion species (i.e., CrO4%, HCrOy4) by electrostatic interactions. The following
equations demonstrate this process.

Equation 5-2:

= HPO4Ca" + Me — = HPO4Ca"...... Me (electrostatic interaction)
Equation 5-3:
= CaOH + H30" + Me — = CaOH".... Me + H20 (electrostatic interaction)

Equation 5-4:

= NH3z"+ Me — =NHjs"...... Me (electrostatic interaction)

5.1.1.2 Effect of solution pH on metal ions removal by the CH/HAp composites

Experimental: In this experiment, the effect of the solution pH on the adsorption capacity
(in mg g?) of the CH/HAp composites was measured using different environmental
conditions for each metal ion removal experiment.

For instance, to record observations in this batch experiment, the pH of the Cd?'-
containing solutions was varied between 4.0 and 8.0 for an initial concentration of 25
ppm Cd?* and a 0.01g dose of CH/HAp adsorbent. In contrast, the effect of pH on Pb?
ion adsorption on the CH/HAp composites was examined via AAS measurements in only
a restricted pH range from 4.0 -5.8 because of the risk of precipitation of Pb?* jon*8¢487
as Pb(OH) at pH > 6.0. The solution concentration of Pb?* was initially 50 ppm, and the
adsorbent dose of the CH/HAp composite sample was 0.05 g. The effect of pH on Cu?*
ion removal by the composites was studied in the pH range of 4.0 - 6.5. The initial Cu?*
ion concentration in solutions exposed to adsorbent was 25 ppm, and the adsorbent dose
was 0.05 g. A narrow pH range for Cu?* adsorption was selected due to its risk of
precipitation and forming copper hydroxide*®, which is usually reported to occur in the
pH range 7-12. The influence of pH on the adsorption of chromate ion on the CH/HAp
composites was studied over the pH range 4.0- 8.5 using a solution with an initial
chromate ion concentration of 5.0 ppm, which was exposed to constant adsorbent dose
samples of 0.01 g.

Results: AAS data in Table 5-2 shows the effect of pH (of the heavy metal ion solutions

exposed to the CH/HAp composite samples) on the adsorption of metal ions (Cd?*, Pb?*,
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Cu?* and chromate ions) on the CH/HAp composites. The results are also presented in
appendix 4 (and in Figure 4-5 to 4-8 in appendix 4).

In general, an increase in cation (Cd?*, Pb?* and Cu?") adsorption was observed with
increasing the pH from acidic to alkaline. For Cd?* ions, the maximum adsorption (12.55
mg g* and 18.83 mg g* for the CH/cHAp and CH/bHAp composites, respectively) was
recorded at pH 7.0. The literature studies reported that a pH range of 6-7 was optimum
for Cd?* ion removal by the chitosan composites prepared with cellulose*® and
hydroxyapatite®”’. However, the use of higher pH solutions would have led to
precipitation from the solution as the cadmium hydroxide*®, which occurs around pH
11.0. No precipitation was expected in the pH range 4.0 to 8.0, which was confirmed
through a calculation of the solubility product quotient (Qsp) of Cd(OH): in the solutions
tested, which turned out to be (8.9 x 10°Y"). It should be noted that this was less than the
literature®®! Kgp value (2 x 101%) of Cd(OH).. Contrasting with literature studies,
Kaminski and Modrzejewska*®? reported 100 % removal of heavy metal cations,
including Cd?*, for pH up to 5.6 when solutions were stirred with pure chitosan. Similarly,
the optimum pH for Cd?* ion removal on a multi-walled carbon/HAp composite was
noted to be 5.0-6.0, according to other previous work*®, Based on the current studies and
judging from studies reported in the literature, a pH range of 5 to 7 was considered optimal
for Cd®* adsorption on various substrates. These substrates notably included biopolymers
and hydroxyapatite.

For the adsorption of Pb?* ions on the CH/HAp composites, a pH value of 5.0 was found
to be optimal for giving maximum adsorption (35-40 mg g) and a maximum removal %
value of >95%. The optimum pH range aligns with what has been reported in the literature,
which has stated that a pH range of 4.5-5.0 was found to be optimal for the uptake of Pb?*
ions on similar adsorbents previously studied. For instance, pH 5.0 was reported as the
optimum pH for the adsorption of Pb?* on a chitosan/femur bone extracted-HAp***. At
this pH (5.0), the dominance of negatively charged functional groups on hydroxyl and
phosphate groups of the composite to adsorb the Pb?* ions in solution were thought to
attain the maximum adsorption.

The Cu?* ion adsorption was not greatly affected by adjusting the pH of the solution from
4.0 to 6.5 on both the composites. It was found that at a pH of 5-6, Cu?* ion removal was

observed at its maximum with an adsorption capacity of about 9 mg g for both the

173



composites tested. A similar study in the literature showed that a composite made from
chitosan and HAp and used to remove Cu?* ion was optimised®® for adsorption at pH 6.0,
where a maximum adsorption value capacity of 1.443 mmol g was observed.

In general, lower adsorption of cations measured at lower pH values (< 5.0) is most likely
due to the hydrogen ion competition and protonation of the active sites on the CH/HAp

composite surfaces such as amino and hydroxyl groups*®®

. The protonation of active sites
leading to a decrease in the overall adsorption capacity of adsorbents at lower pH values
is a general trend observed in adsorption studies, especially for the adsorption of cations.
Stirring the composite in higher pH metal ion solutions means there are lower
concentrations of protons to compete with cations for the active sites provided by chitosan
and HAp (i.e., -NH2, -OH groups), which ultimately leads to higher uptake of cations*®.
In respect to HAp and chitosan, at lower (acidic pH, < 4.0)*®, the functional groups of
hydroxyapatite and chitosan®®* are neutral (such as phosphates as =P-OH) or positively
charged due to protonation (such as =Ca-OH," and NH3"). The protonation of these
binding sites at lower pH (<4.0) decreases the removal of positively charged metal ions
by repelling the cations (e.g., Cd?* Pb?* ions), and protons instead occupy the active sites
(such as -NHz groups). A gradual increase in pH >4.0 promotes the adsorption of these
cations by deprotonation of these active sites and by creating negatively charged
functional groups (=P-O") for an overall negative charge to adsorb metal cations onto the
surface of the CH/HAp composites®84% Additionally, the Pb?" is described as an
intermediate Lewis acid that can sorb on a hard Lewis basis (such as -OH" and PO*)
present in the CH/HAp composites®. This has support from hard and soft acid and base
theory (HSAB theory)*®”. The amino groups (a functional group on the chitosan) were
found to be 99% protonated at pH 4.3 in a literature study*®®, where the chitosan was
employed in a solution as the metal adsorbent, which could lead to a decrease in the
adsorption of the metal cations (such as Cd?*) on chitosan part of the CH/HAp composites.
A slight decrease in adsorption capacity of the CH/HAp for the Cd?* ions was recorded
after pH 7.0 (Figure 4-5, Appendix 4), which could be attributed to the speciation of the
metal ions in this pH range. A study reported*®® the formation of hydroxyl Cd ion species
such as Cd(OH)" in a pH range of 7.0-8.0 in a metal ion solution, which possibly

decreases the free Cd?* ion adsorption on negatively charged functional groups of

174



adsorbent and hence decreases the adsorption capacity (mg g*) at pH >7.0, which is
evident in Figure 4-5 (Appendix 4).
Table 5-2: The effect of the solution pH on the adsorption capacity (in mg g*) of the CH/HAp

composites for the adsorption of metal ions from solutions containing only one type of metal

ion
pH 4.0 5.0 6.0 7.0 8.0
Cd CH/cHAp 8.93 10.08 10.09 12.95 12.56
CH/bHAp 13.58 14.52 17.81 19.80 18.83
pH 4.5 5.0 55 6.0 6.5
Pb?* CH/cHAp 34.27 35.06 22.55 22.93 28.80
CH/bHAp 38.76 39.13 32.42 33.12 37.80
pH 4 5 5.5 6 6.5
Cu? CH/cHAp 8.18 8.39 8.38 8.35 8.38
CH/bHAp 9.18 9.17 9.17 9.18 9.18
pH 4.5-5 5-55 6-6.5 7-7.5 8-8.5
Cr as chromate ions CH/cHAp 2.44 1.63 1.32 1.00 0.88
CH/bHAp 1.12 0.91 0.79 0.80 0.57

In contrast with the effect of pH on cation adsorption discussed above, a gradual decrease
in chromate ion (an anion) adsorption was observed, as demonstrated in Table 5-2 (Figure
4-8, Appendix 4), when the solution pH was increased in both the composites tested. The
pH of the chromate ion solution appears to be a key parameter influencing the extent of
adsorption of chromate ions on the CH/HAp composites. Chromate ion was more readily
removed from lower pH chromate solutions*® exposed to the adsorbent. The most
dominant chromium species are known to be HCrO4 and CrO4? in the pH range of 2.0-
5.0. These anionic species could possibly interact with and be removed by protonated -
NH:2 groups (see equation 5-4) on the chitosan and positively charged species on the HAp
surface. lon exchange with hydroxide or carbonate (in cHAp) in the HAp part of the
composite could also occur but could not be confirmed as a mechanism for the removal
of chromate ions!3250050 Earlier reports state that the decrease in removal of chromate
ions with increasing pH is due to the deprotonation of active sites (amino and hydroxyl
groups) and a greater abundance of negative ions in solution (e.g. OH") which may create

competition for anion adsorption®® on the surface of the composites.
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5.1.1.3 Effect of the initial metal ion concentration on metal ion removal by the

CH/HAp composites

Experimental: The initial metal ion concentration was varied (between 5 ppm and 25
ppm for Cd?* and Cu?* ions and between 10 ppm and 50 ppm for Pb?* and chromate ions)
for a constant adsorbent dose of 0.01g, with initial solution pH at 4.5-6.0 to evaluate the
effect of adsorbate concentration in solution on metal removal. Further, the data recorded
in this experiment were used to study the adsorption mechanism by fitting adsorption
models (discussed in the upcoming section) that are commonly proposed (and
experimentally proven, Chapter 1, Table 1-8) for such adsorption systems. These were
given with equations in Chapter 1. The results recorded using the AAS are presented in
Table 5-3.

Results: Table 5-3 shows the AAS data recorded for the effect of the initial metal ion
concentration on metal ion adsorption onto the CH/HAp composites (also presented in
Figures 4-9 to 4-12, Appendix 4). A gradual decrease in removal efficiency with
increasing metal ions concentration was observed for both the composites tested. At the
same time, the adsorption capacity (mg g) of the composites was noted to increase.
The lower adsorption capacity (in mg g*) of the adsorbent at low concentration values
could be due to the lower concentration of metal ions present in the solution. The lower
concentrations of ions cause a barrier in the mass transfer of metal ions between the liquid
and solid phase surface by limiting ion diffusion. Contrary to this, higher concentrations
of metal ions in the solution obviously help to overcome these limitations by providing a
driving force for more metal ion adsorption by increasing the diffusion process*/>47,
The maximum adsorption of Pb?* was recorded at 50 ppm, which was 49.08 mg g*and
84.19 mg g on the CH/cHAp and CH/bHAp composites, respectively. At the same time,
the highest removal (%) was recorded at 10 ppm initial Pb?* ion concentration ranging
between 88 and 99% for both composites. The explanation for these trends is similar, as
described earlier (see above)*®’. The maximum adsorption of Cu?* ions (at an initial ion
concentration of 25 ppm) was found to be 12.22 mg g* and 16.01 mg g* on the CH/cHAp
and CH/bHAp composites, respectively.
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Table 5-3: The effect of the initial metal ion concentration on removal (%) and the
adsorption capacity (in mg g*) of different metal ions adsorbed on the CH/HAp composites
from a single-metal ion type solution system

The removal (%) of metal ions using the CH/HAp composites
Metal ion concentrations(ppm) 5.0 10.0 15.0 20.0 25.0

cd CH/cHAp 50.37 4461 4040 35.77  30.69
CH/bHAp 57.27 5236 4755 4427  39.70
Metal ion concentrations (ppm)  10.0 20.0 30.0 40.0 50.0
Pb* CH/cHAp 88.75 87.33 72.00 58.71  49.09
CH/bHAp 99.37 9718 9532 92.68 84.19
Metal ion concentrations (ppm) 5.0 10.0 15.0 20.0 25.0
Cu? CH/cHAp 50.33 4451 37.36 3046 2444
CH/bHAp 53.62 4922 4649 39.94 32.02
Cr as chromate Metal ion concentrations (ppm)  10.0 20.0 30.0 40.0 50.0
ions CH/cHAp 3345 2885 26.66 25.15 23.86
CH/bHAp 3231 2690 2327 2272  22.00
The adsorption capacity (in mg g™*) of the CH/HAp composite for the adsorption of the metal ions
Metal ion concentrations (ppm) 5.0 10.0 15.0 20.0 25.0
cd CH/cHAp 5.04 8.92 12.12 14.31 15.35
CH/bHAp 5.73 10.47 14.26 17.71 19.85
Metal ion concentrations (ppm)  10.0 20.0 30.0 40.0 50.0
Pb** CH/cHAp 17.75 3493 4320 46.97  49.09
CH/bHAp 19.87 38.87 57.19 74.14 84.19
Metal ion concentrations (ppm) 5.0 10.0 15.0 20.0 25.0
Cu?* CH/cHAp 5.03 8.90 1121 1219  12.22
CH/bHAp 5.36 9.84 1395 1598 16.01
Cr as chromate Metal ion concentrations (ppm)  10.0 20.0 30.0 40.0 50.0
ions CH/cHAp 6.69 1154 1599 20.12 23.86
CH/bHAp 6.46 1076 1396 18.18 22.00

Literature reveals that the adsorption capacity (in mg g*) of metal ions onto synthetic
hydroxyapatite varies depending upon the initial metal ion concentrations. For instance,
Cd?* ion adsorption on synthetic nano-HAp was found to increase from 91.96 mg g to
209.6 mg g* for 100 ppm Cd?* and 500 ppm Cd?* respectively®’’. Similarly, another
study reported the maximum adsorption of about 30 mg g* for 100 ppm and around 70
mg g* for an initial Cd?* concentration of 200 ppm. It reveals that the increase in ion
concentration positively affects the adsorption capacity (mg g*) of adsorbents. Like the
literature studies, in the present study, the maximum adsorption capacity of Cd?* at 5 ppm
initial concentration was 5-6 mg g It increased up to 15.35 mg g* and 19.85 mg g™* for
the CH/cHAp and CH/bHAp composites, respectively, when the initial concentration was
increased from 5 ppm to 25 ppm. It confirms that the initial metal ion concentration is

also a crucial parameter for changing the efficiency of the adsorption system, and the
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adsorption capacity of the adsorbent could be increased up to a particular level by
increasing the initial metal ion concentration in solution for a constant dose.

The data presented in Table 5-3 revealed that the CH/bHAp composite exhibited a better
removal efficiency for the metal ions removal than the CH/cHAp composite. The better
removal ability trend for the bHAp-based composite is recorded for all the metal ions
studied.

In common with cation adsorption, in Table 5-3, a continuous increase in adsorption
capacity (mg g1) and a decrease in removal efficiency (%) were also observed with
increases in the initial chromate ion concentration. The decrease in removal efficiency
with an increase in the initial chromate ion concentration can naturally be attributed to
the decrease in adsorption sites (as the adsorbent dose was kept constant in these
experiments). The maximum adsorption of chromate ion on the CH/HAp composites
ranges from 20-25 mg g* for an initial chromate ion concentration of 50 ppm.

Schmuhl et al. reported the adsorption capacity (mg g*) of chitosan for Cr(V1) to be 78
mg g? by using an initial chromate ion concentration of 1000 ppm®°%. The higher
adsorption capacity reported in the literature study corresponds to a system that had been
exposed to a higher initial metal ion concentration because it has been observed that the
higher initial metal ion concentration helps to increase the adsorption capacity of the
solution exposed to a constant amount of the adsorbent, providing more molecules in
solution to adsorb on active sites of adsorbents. A study from the literature used a
composite made from chitosan and hydroxyapatite to adsorb Cr (V1) (as chromate ion),
and the adsorption capacity (mg g*) was found to be 3.45 mg g at 0.01 g adsorbent dose
of adsorbent when exposed to a 10 ppm solution of Cr(VI) at pH 4.0. A literature study
discussed the electrostatic interactions between the negatively charged sorbate anions
(HCrOy) and the positively charged Ca?* ions (HAp on its surface) as one of the possible
mechanisms that may have been responsible for removing Cr(V1) using the chitosan/HAp
based composite. The literature study®°? described the low pH of the solution (ranging
between pH 4-5) as an assisting factor for encouraging uptake of the Cr(\V1) species on
the chitosan/HAp composite due to the protonation of the active sites such as amino

groups which encourage electrostatic attractions to anions such as HCrOx4".
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5.1.1.4 Adsorption modelling of the CH/HAp composites for the adsorption of metal
ions

The adsorption modelling of the synthesised composite systems was carried out to explore

the adsorption mechanisms and to estimate the maximum adsorption capacity (Qmaxin mg

gl) of each composite system for each metal studied in this project. For this, the two-

parameter adsorption models, including Langmuir and Freundlich (described in Chapter

1), are the most studied adsorption isotherm models for such biopolymeric composite

systems. These two models were used to analyse the adsorption data of this study to

determine which of these was the best-fit model for each composite system in terms of

adsorption of metal ions. The theoretical background of these models (chapter 1, section

1.10) and supporting literature (Table 1-8) have been extensively described earlier.

To recap these non-linear adsorption models, the model equations and the explanation of

their parameters are given as follows:

Non-Linear Langmuir isotherm:

Equation 5-5

— KL Qmax Ce
=717k,

In equations 5-5, ge and Ce are quantities of adsorbate adsorbed to the solid (mg g*) and
present (as ions) in the liquid phase (mg L) at equilibrium. The term gmax (also termed
as “b” in the literature) is the estimated maximum adsorption capacity of the system in
mg g* calculated using the Langmuir model equation (5-5). Ky is the Langmuir equation
constant that describes the affinity between the sorbate and the adsorbent, which indicates
how favourable thermodynamically the adsorption of the species is on the composite
surfaces. The K. is used to calculate the dimensionless factor, R., of the Langmuir

isotherm model using the following equation:

Equation 5-6:
. 1
T+ K,,6)

RL demonstrates the nature of the adsorption process as given in many literature

Stl_jdies476,504-506.
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e Irreversible if R = 0 or maybe R. <<< 1, i.e., it is almost equal to zero, indicating
an irreversible adsorption process), which demonstrates a “really favourable”
adsorption

e Unfavourable if RL > 1

e Favourable if 1 >R > 0 or could be described as “moderately favourable

adsorption

Non-linear Freundlich isotherm:

Equation 5-7:
1
de = KFC;I

In the Freundlich model equation, ge (mg g*) and Ce (mg L) are the same quantities as
described above for the Langmuir isotherm model, while Kr and 1/n are Freundlich
constants. The value of 1/n describes the adsorption process as follows: if 1/nis less than
unity and greater than zero, it implies the adsorption process is favourable, while “1/n” >
1 describes an irreversible adsorption process®*°%’.

In contrast with the adsorption modelling for the cations, linearized Langmuir and
Freundlich isotherms were used in the adsorption modelling exercise in regard to the data
obtained for chromate ion adsorption. The linearized Langmuir and Freundlich model
equations used for chromate ion adsorption modelling are given as follows (see theory
discussion in Chapter 1):

The linearized equation for the Langmuir isotherm: 5-8

1 1

= +
qe qmaxKL Ce Gmax

In the above equation, gmax iS the estimated maximum adsorption capacity of the
adsorbent in mg g ge (mg g*) and Ce (mg L) are sorbate quantities in the solid and
liquid phases, respectively, after reaching equilibrium. Hence, the above equation is that
of a straight line if 1/ge vs 1/Ce is plotted, giving gmax through the y-intercept and K. from

the slope of the linearized equation.
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The linearized equation for the Freundlich Isotherm: 5-9

1
Inqg, = InKp +;lnCe

With the linearized Freundlich model, a plot of Inge vs InCe should give a straight line
from which the Freundlich equation constants “Kg” and 1/n can be calculated from the
intercept and slope respectively of the straight-line plot.

The data collected from the studies into the effect of initial metal ion concentration on
metal ion adsorption were analysed using the above-given adsorption models. The best-
fitted adsorption model between Langmuir and Freundlich was then decided by
comparing the R? values of the two fitted models. Similar methods (non-linear regression
method for cations and linear regression for the chromate ions) were used to calculate the
isotherm parameters in all the composite systems studied. For non-linear model fitting,
non-linear regression functions (also called error functions) were used, which are given
in appendix 1 (section 1.3).

Modelling of cation (Cd?*, Pb?*) adsorption on the CH/HAp composites
Experimental: An additional method of standardization for adsorption modelling, termed
as the sum of normalized error (SNE), was used by employing the error functions for the
adsorption modelling of Cd?* and Pb?* on the CH/HAp and CH/HAp/CF composite
systems only and described in Appendix 1, section 1.3B. The importance of using this
standardisation method is also explained in Appendix 1.3B.

Results:

Adsorption modelling of cations: The calculated isotherm parameters (using the non-
linear regression method Appendix 1, section 1.3) for the two adsorption models for cation
adsorption on the CH/HAp composites are given in Table 5-4. (Figures 4.13 and 4-20 in
Appendix 4) show the fitting of non-linear adsorption isotherms for metal ion adsorption
on the CH/HAp composites.

The comparison of R? values of Langmuir and Freundlich models revealed that the
Langmuir isotherm model was the best-fitted model for explaining the adsorption of Cd?*
and Cu?* onto the CH/HAp composites with R?> 0.95, which is in agreement with the
modelling results recorded for these metal ions adsorption in similar adsorption systems
118479 " The significance of the best-fit of the Langmuir isotherm model for both the

composites (CH/cHAp and CH/bHAp) suggested a monolayer adsorption model for Cd?*
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and Cu?* on a homogeneous adsorbent surface*®*. The finding is supported by the
literature studies, which suggested the fitting of the Langmuir adsorption isotherm to
adsorption data recorded for metal ion adsorption on similar heterogeneous composites
(Table 1-8).

Table 5-4: Adsorption isotherm parameters for metal ion (Cd?, Pb? and Cu?* and
chromate ions) adsorption on the CH/HAp composites

Adsorption models Langmuir Freundlich

Metal ions Composites  gmx(Mgg?) Ko R? RL 1/n Kr R?

Cat CH/cHAp 24.338 0.106 0.996 0.274 0.560 3.309 0.969
CH/bHAp 33.932 0.094 0.999 0.298 0.620 3.824  0.988

Pp2* CH/cHAp 52.422 0.588 0.965 0.064 0.240  23.804 0.858
CH/bHAp 90.031 1.468 0.938 0.027 0.280 49.676 0.964

cu?t CH/cHAp 15.910 0.217 0.156 0.973 0.373 4405 0.896
CH/bHAp 23.670 0.150 0.211 0.961 0.471 4610 0.900

Chromate  CH/cHAp 45.045 0.026 0.436 0.996 1.666 0.731  1.000
CH/bHAp 34.722 0.033 0.376 0.988 1.699 0.689  0.995

Both adsorption models (Langmuir and Freundlich) showed a good fit to the Pb?
adsorption data on the composites with the goodness of fit, R? ranging between values of
0.86 to 0.96, and demonstrating a range of adsorption behaviour from monolayer
adsorption on the homogenous surface to monolayer adsorption on heterogeneous
surfaces. The Freundlich was a better fit to the adsorption data than the Langmuir model
for the CH/bHAp composites with a relatively higher value of R? than calculated for the
fitted Langmuir model R? (see Table 5-4). The better fitting of the Freundlich isotherm
relative to the Langmuir one for Pb?* adsorption on the CH/bHAp composites indicates
that the adsorption is occurring on a heterogeneous surface. This was justifiable as the
surface of the CH/bHAp was also found to be heterogeneous with visible fine particle
deposition at the surface (SEM analysis of CH/bHAp, Chapter 3, Figure 3-8)). Overall,
between the two adsorption isotherms modelled, the Langmuir isotherm could be
considered the best-fitted model, as it gives more reliable maximum adsorption values
(qmax Mg g) values (Table 5-4) for both composite systems, as the fitted (calculated)
values for Pb?* adsorption on the CH/HAp composites are numerically closer to the
composite systems' experimental values. Additionally, the fitting of the Langmuir model
is well-supported by the literature studies conducted for similar adsorption systems (Table
1-8).
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Using the Langmuir model, the calculated gmax (in mg g*) of Cd®* was 24.33 mg g and
33.93 mg g* on CH/cHAp and CH/bHAp composites, respectively. The maximum
adsorption capacity in relation to Cu?* adsorption on the composites was 15.91 mg g* and
23.66 mg g (calculated using the Langmuir model) for the CH/cHAp and CH/bHAp
composites, respectively. The maximum capacity of the CH/HAp composites in relation
to the Pb?* adsorption is higher than the calculated gmax of Cd?* and Cu?* which indicated
the higher adsorption of Pb?* than the other two metal cations on this composite system.
The values of the dimensionless factor R. (calculated using equation 5-5) for all the three
cations adsorption on CH/HAp composites given in Table 5-4 indicated a favourable
adsorption process as 0 < Ry < 1505508,

The literature studies reported that Langmuir adsorption was representative of Cd?* ion
adsorption behaviour on a hydroxyapatite/clay mineral composite®®® and on bone char®'?,
which lends support to the applicability of the Langmuir isotherm model to describing
the Cd?* adsorption on such biopolymeric (chitosan) and HAp based adsorption systems
as used in the presently studied systems. Gandhi et al.®® reported that Cu?* adsorption on
nano-HAp and n-HAp/Chitosan composites ranged from 4-6 mg g™ when the composites
were exposed to an initial concentration of 10 ppm Cu?*. However, the adsorption
capacity of the nHAp and nHAp/chitosan composites calculated in this literature study is
lower than the Cu?* adsorption calculated in the present study for the CH/HAp composites,
illustrating the CH/HAp composites as a relatively more efficient adsorption system for
Cu?* removal. The better adsorption ability of the CH/HAp composites than the literature
study conducted for similar composites could be due to better optimisation of the
experimental conditions, such as the initial metal ion concentration, appropriate adsorbent
dose and pH range in the present study, which could be the features to enhance the
adsorption abilities of the systems.

The mode of uptake of metal ions, i.e., via exchange with Ca?* and cations (e.g., Pb%*)
from the hydroxyapatite crystal lattice, is frequently discussed in literature®*13, In
general, the ion exchange mechanism is believed to be the predominant mechanism for
the adsorption of cations on HAp!"*7°. The ion-exchange activity is found to be higher
for the composite samples having a higher surface area (i.e., the CH/bHAp composite).
As mentioned above, the linearised regression method was used for the adsorption

modelling of chromate ions on the CH/HAp composites. Figures 4-19 and 4-20 (Appendix
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4) illustrate respectively fitting of the linearized Langmuir and Freundlich isotherm
equations to the chromate ion adsorption data on the CH/HAp composites. The equations

generated from these linear fits using Microsoft Excel are given as follows:

Table 5-5: The linearized equations calculated for chromate ion adsorption on the CH/HAp
composites using the linearized Langmuir and Freundlich isotherms

Composites Linearized Langmuir Equation Linearized Freundlich Equation
CH/cHAp y = 0.8583x + 0.0222 (R?= 0.995) y = 0.7315x + 0.5107 (R?= 0.999)
CH/bHAp y = 0.8679x + 0.0288 (R?= 0.988) y = 0.6894x + 0.5298 (R?= 0.995)

Hence, using the above equations, the Langmuir isotherm parameters were calculated as
follows:

1/gmax = intercept

gmax = 1/intercept

1/(KL*gmax) = slope

KL = 1/slope*Qmax)

The Freundlich isotherm parameters were calculated as follows:

InKr = intercept

K = gintercept

1/n = slope

The calculated parameters for the systems tested and derived from both the adsorption
models are given above in Table 5-4. By comparing the values of R? for both adsorption
models, both the Freundlich and Langmuir adsorption isotherms were found to fit the data
well. Although the Freundlich fit R? value is relatively higher than that calculated for the
Langmuir fit (Table 5-4), it was obvious that the Langmuir model was also showing a
reasonable fit with R? values of >0.98 being obtained from fits to data. Several authors
have reported better fits of the Freundlich isotherm to chitosan-based systems in earlier
studies. Kousalya et al.>% reported the good fitting of both the Langmuir and the
Freundlich isotherm model to chromate ion adsorption data when reporting results from
using nHAp/chitosan-based composites to remove chromate ions from aqueous solutions.
The value of the Freundlich isotherm constant “1/n” lies between 0 and 1 so, indicating

favourable adsorption of chromate ion on both the composites#’.
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The maximum adsorption capacity (mg g*) of the CH/cHAp and CH/bHAp composites
for chromate ion adsorption, estimated by the Langmuir isotherm model, is 45.045 mg g
1 and 34.022 mg g?, respectively. The dimensionless factor R. derived from the
Langmuir isotherm fit to data shows that adsorption of chromate ion in both the
composites is favourable as 0 <R <1.

The fitting of both the adsorption isotherms suggests that the chromate ion adsorption on
the CH/HAp could include a range of behaviours, including homogeneous and
heterogeneous surfaces. The literature studies equally favour the fitting of the Langmuir
and Freundlich adsorption isotherms to describe the chromate ion adsorption on similar

adsorption systems of biopolymers and hydroxyapatites.

5.1.1.5 Effect of contact time on metal ions removal by the CH/HAp composites

Experimental: The effect of contact time on metal ion removal (%) by the CH/HAp
composites was measured by varying the contact time between 1 minute and 120 minutes
for measuring adsorption on a 0.01 g dose of adsorbent. The experiment was conducted
by exposing the 0.01 g of the adsorbent dose to the metal ion solutions at different
concentrations. The initial metal ions concentration of Cu?* and Cd?* was 25 ppm exposed
to 0.01 g of the adsorbent, while it was 5 ppm for Pb2* and 50 ppm for chromate ions.
The initial pH of the solution ranged from 4.0-6.0 to measure the removal efficiency per
minute for the first 5 minutes, then at 10, 15, 30, 60 and 120-minute intervals.

Results: Table 5-6 presents the AAS data recorded to show the effect of contact time on
metal ions removal (%) using the CH/HAp composites. The results for the effect of the
contact time on the adsorption of the metal ions are plotted and presented in Figures 4-
21 to 4-24 in Appendix 4.

The Cd?" adsorption was rapid in the initial 15 minutes. While reaching a plateau in 30
minutes which illustrates the adsorption equilibrium, it means the active sites on the
adsorbent surface have been saturated, or monolayer adsorption of Cd?* ions on the
adsorbent surface has occurred. There was no considerable variation in removal
efficiencies after 30 minutes. Maximum removal of 30% and 40% was recorded for Cd?*
on the CH/cHAp and CH/bHAp composites, respectively, at equilibrium.

A sharp increase in the removal % of Pb?* ion from the solution was recorded in the initial
10 minutes for both the composites tested (Figure 4-22, Appendix 4). About 80-90% of
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Pb?* removal was achieved in just 30 minutes, with no significant change being observed
after 30 minutes of exposure to the solution to the adsorbent. The maximum removal
efficiency for both composites tested was calculated to be 97-98% over the 2 hours of
exposure time. The optimum time for realising the highest Pb?* ion removal with the
CH/HAp composites was found to be 60 minutes.

The removal of Cu?* ions by the composites was very efficient, as both the composites
achieved more than 50-60% removal in just 15 minutes of exposure of the solution to the
composites. The maximum removal efficiency measured for Cu®* ion by the CH/cCHAp
and CH/bHAp composites was found to be 82.32% and 91.99%, respectively, after 120
minutes (which is considered the maximum time to achieve adsorption equilibrium for
Cu?* adsorption (mg g*) on the CH/HAp composite surface.

Compared to cation adsorption, both the composites removed up to 22% of chromate ion
in solution within 10-15 minutes of contact time with the solution, with a plateauing of
the uptake occurring after 60 minutes. The maximum removal was approximately 20-25%
of the solution chromate ion by both composites. The rapid increase in removal (%) for
both the composites for chromate ion adsorption in the initial 10-15 minutes of exposure
is attributed to the excess availability of adsorption sites at the beginning of the adsorption
process. The composites reached adsorption equilibrium for chromate ion adsorption at
60 minutes, which indicated that the saturation of the adsorption sites on the surface of
adsorbents (as well as no further change in removal (%)) was recorded after 60 minutes
for both the composites.

The CH/bHAp composite showed a relatively better removal efficiency for the cations
than the CH/cHAp composite, which could be attributed to a relatively higher specific
surface area of the CH/bHAp composite, as discussed earlier (see above “the effect of the
adsorbent dose”). In contrast, the chromate (anion) adsorption was better on the CH/cHAp
composite than on the CH/bHAp composite, which is in line with the observation
recorded in earlier batch experiments for the chromate ion adsorption on these composites

(see above).
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Table 5-6: The effect of the contact time on the % removal of metal ions on the CH/HAp
composites system from a single metal ion type solution system

Contact Time ) 2 3 4 5 10 15 30 60 120
(minutes)
i CHIcHAp 21.97 2590 27.82 28.88 28.90 30.23 3096 31.23 31.82 31.89
CH/bHAp 21.59 22.60 2656 26.61 27.09 29.58 33.24 39.23 39.70 39.75
- CHIcHAp 40.44 4356 53.08 5582 60.38 74.02 83.80 94.22 97.04 97.12
CH/bHAp 36.92 50.98 70.46 70.66 73.50 88.96 92.34 96.36 97.20 97.80
o CHICHAp 2454 29.80 30.98 39.38 40.73 47.89 5950 72.53 80.10 82.33
CH/bHAp 36.66 4271 54.47 58.65 67.49 79.62 84.90 90.38 91.74 92.00
Cr as CHICcHAp 972 1218 1352 1427 1494 17.87 1997 21.80 2324 23.25
chromate i piAp 1077 1619 1687 17.97 2090 21.06 2119 21.68 21.88 21.88

ions

5.1.1.6 Kinetics modelling of metal ion adsorption on the CH/HAp composites

Kinetic modelling of metal ion adsorption on the CH/HAp composites was performed
with testing done for non-linear pseudo-first-order (PFO) and pseudo-second-order (PSO)
kinetics (described in Chapter 1, section 1.11). It was performed by employing the
kinetics data recorded in “the contact time batch experiment” of each metal ion studied.
The PFO and PSO are the most common kinetic models used to study the adsorption of
metal ions on such composite systems. The non-linear kinetic model equations of PFO
and PSO models are given in chapter 1 (section 1.11). The parameters of the kinetic
models, including the rate constants ki and ko of PFO and PSO, respectively and the
adsorption capacity at equilibrium (ge in mg g*), were calculated using the non-linear
regression method (Appendix 1.3) on the Microsoft Excel, using add-in solver function
and given in Table 5-7. The best-fitted parameters set of each model was selected based
on the maximum R? value calculated and realised for each error function. The best fit of
the PFO or PSO kinetic models was decided upon by comparing the R? values calculated
for both models and choosing the R? value closest to 1 calculated for each model.
Results: The calculated parameters of the kinetic models used for modelling the
adsorption of metal ions on the CH/HAp composites are given in Table 5-7, and models
fitted to the experimental data are presented in Figures 4-25 to 4-32 in Appendix 4. The
comparison of the coefficient of determination values (R?) calculated for both PFO and
PSO kinetic models showed that the PSO kinetic model turned out to be the best-fitted
model, with its R? value being greater than that for the PFO kinetic model for all four
metal ions adsorption on both composite systems. The calculated adsorption capacities
(qmax inmg g1) for the metal ions by PSO are given in Table 5-7.
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Table 5-7: The parameters calculated for metal ion adsorption on the CH/HAp composites
based on each kinetic model fitted.

Composite PFO PO

. i

Metal ions systems t(rln in1) ge(mgg?l) R? kz(gmgmint) ge(mgg?l) R?

cd?* CH/cHAp 1.113 15.207 0.831 0.139 15.931 1
CH/bHAp 0.49 17.675 0.561 0.039 19.071 0.992

pp2+ CH/cHAp 0.272 9.086 0.842 0.04 9.846 0.995
CH/bHAp 0.391 9.424 0.955 0.059 10.112 0.999

cu CH/cHAp 0.16 7.505 0.858 0.025 8.302 0.992
CH/bHAp 0.317 8.836 0.935 0.049 9.518 0.999

Chromate CH/cHAp 21.26 0.33 0.8 22.99 0.021 0.996
CH/bHAp 21.34 0.62 0.94 22.56 0.049 0.998

The revelation that the PSO kinetic model was the best fit for data indicates that metal
ions follow the “chemisorption” mechanism when interacting with the CH/HAp
composites. The PSO fitting on experimental data of metal ion adsorption on both the
composites confirms the chemisorption mechanism is the rate-limiting step for the
CH/HAp composites for removing these metal ions. The literature studies have discussed
the nature of the chemisorption of metal cations on chitosan and hydroxyapatite-based
composites. “Chemisorption” could occur in various ways. For instance, cations (Cd?,
Pb?* and Cu?*) may adsorb on the CH/HAp composites via metal-ligand complexation
through the -NH> groups of chitosan (see mechanisms of removal section 1.6). Chitosan
has an electron-donating atom (N) and could form stable complexes with cations®**, as
discussed in the possible mechanism using the chitosan and HAp based composites in
Chapter 1.

Similarly, the hydroxyl groups (on the surface of HAp and chitosan) and carboxyl groups
(chitosan) could participate in the chemisorption of these metal cations by metal-ligand
complexation®'*>°16, Additionally, ion exchange could be considered while discussing the
metal removal mechanisms using HAp (see sections 1.5.1 and 1.6.3). A study verified the
ion-exchange mechanism of HAp for Pb?* and Cd?* adsorption while using synthetic
hydroxyapatite. The literature confirmed it by structural changes in HAp (using XRD)
and measuring Na* and Ca?" concentrations in solution after Cd?* adsorption®’. As
described in Chapter 1 (section 1.4.2), adding HAp into chitosan (and other low-cost
materials) could introduce an additional removal mechanism (ion exchange) in

biopolymer-based composite systems like chitosan-based adsorbents. So, this could be
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one of the dominating mechanisms in the adsorption of cation on the part of the HAp in
the CH/HAp composite systems. This finding of the rate-limiting chemisorption
mechanism for chromate ion adsorption is also reported in other previous studies, which
involved the removal of chromate ions using similar adsorbent systems based on
chitosan/hydroxyapatite composites'®-31%312 Similarly, the chemisorption of chromate
ions on CH/HAp composites could occur in the pH range (5.0 -7.0) via electron-donating
functional groups (-NH>) of chitosan and also by hydroxyl groups (containing oxygen as
an electron-donating ligand atom) to form metal-ligand complexes as described in section
1.6.2.

The findings of the kinetic modelling performed on the three data sets for metal cation
adsorption on the CH/HAp composite systems (present study) generally agree with the
results from literature studies (Table 1-8), which report metal ion adsorption on
hydroxyapatite  surfaces''®®51°  carbon/hydroxyapatite  composites®®®,  nano-
HAp/chitosan composites®’” and on other similar composites made from chitosan and
hydroxyapatite®*3¢8483 and concluded that the pseudo-second-order kinetic model was the
best fit kinetic model for explaining the mechanism of metal ion adsorption on these
composites.

All of the composite systems in this study discussed in the upcoming sections include the
CH/HAp component. So, the mechanisms that describe the adsorption of cations (Pb%",
Cd?*, Cu®") in this composite system, such as metal-complexation, ion-exchange,
electrostatic interactions and physical adsorption by weak Van der Waals forces, would
be considered fundamental mechanisms on the part of CH/HAp. The additional third
components added to CH/HAp to synthesise the three-component composite systems
could further be discussed (in the respective sections) to participate in these heavy metal

removal mechanisms by involving their principal functional groups.

5.1.2 Experiments involving the removal of metal ions by the CH/HAp/CF
composites (commercial & Bovine-derived) from the single-metal ion

type solutions

The chitosan/HAp/Coir fibre (CH/HAp/CF) composite (a three-component composite
system) was synthesised by adding coir fibre (CF) to the CH/HAp composite. The
spectroscopic and microscopic characterization of the CH/HAp/CF composites was
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described in Chapter 3. The CH/HAp/CF composites were the first of the three-
component composite systems in this study to investigate the effect of adding a third
component to the CH/HAp composite (2 component system). Other researchers have not
reported previous work into this three-component composite.

This section presented the results recorded for the CH/HAp/CF composites for their heavy
metal ion removal ability by following the general experimental methods described in
Chapter 4. The specific methods used in each batch experiment are, however, described
in their respective sections below.

The following describes the results of using this composite system in single-metal ion
type water systems for the removal of metals as described earlier in the CH/HAp
composites system (section 5.1.1). The adsorption behaviour of metal ions on the
CH/HAp/CF composite systems and kinetics comparisons of this system with that of the
control composite (CH/HAp) will be made with the data collated from Atomic Absorption
Spectroscopy (AAS) measurements conducted on this three-component composite
system and in the control composite system (described earlier in section 5.1.1).

The following section describes the effect of different experimental parameters in batch
experiments for heavy metal ion removal from solutions containing only one dissolved

metal salt present (i.e., Pb?*, Cd?*, Cu?* or “Cr” as chromate ions).

5.1.2.1 Effect of adsorbent dose on metal ions removal by the CH/HAp/CF composites

Experimental: A similar dose of 0.01 g to 0.05 g (as used earlier in control composites
for the removal of metal ions, section 5.1.1.1) of the CH/HAp/CF composites was added
to the metal ions solutions at 25 ppm (for Cd?** & Cu?*) and 50 ppm (for Pb?* and
chromate anions) to measure the effect of adsorbent dose on the adsorption of these metal
ions on and their removal (%) by the CH/HAp/CF composite systems. The initial solution
pH was 4.5-7.0. The removal (%) and adsorption capacity "g." (mg g?) of the
CH/HAp/CF composites were calculated using equations 4-1 and 4-2, respectively, given
in Chapter 4. The solutions were stirred with an adsorbent for two hours before measuring
the final concentrations (Ce) by AAS.

Results: Table 5-8 presents the metal ions adsorption capacity "ge" (mg g*) and removal
efficiency (%) as measured by Atomic Absorption Spectroscopy and calculated using

equations 4-1 and 4-2 (section 4.2.7) for the CH/HAp/CF composites system with
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different adsorbent doses ranging between 0.01g to 0.05 g (results are also presented in
Figures 4-33 to 4-34, in Appendix 4)

Table 5-8 shows a similar trend of the gradual decrease in adsorption capacity (mg g™)
and a gradual increase in removal efficiency (%) with increasing the adsorbent dose from
0.01 g to 0.05 g, as observed earlier for metal ion adsorption on the CH/HAp composites
(see section 5.1.1.1). These trends could be attributed to similar reasons as described in
earlier sections of similar batch experiments. The CH/bHAp/CF composite showed a
better removal of metal ions at the equilibrium time (after 2 h) than the CH/cHAp/CF

composite under the same conditions.

Table 5-8: The effect of the adsorbent dose on the removal efficiency (%) and adsorption
capacity (mg g?) of the CH/HAp/CF composites for the adsorption of metal ions from single-

metal ion type solutions

The effect of the adsorbent dose on removal (%) of metal ions using the CH/HAp/CF composites

Dose (g) 0.01 0.02 0.03 0.04 0.05
Cd* 32.14 58.35 74.12 83.93 91.64
Pb** 59.50 90.51 95.84 97.00 98.02
CH/CHAP/CF Cu 2067 5281 7377 8715 9411
Cr (as chromate ions) 25.87 26.53 27.08 27.62 28.22
Cd?* 34.03 60.54 78.84 89.98 94.59
Pb** 70.28 96.31 97.90 97.98 98.36
CH/bHAP/CF Cu?* 32.26 64.17 90.69 95.04 96.27
Cr (as chromate ions) 21.12 21.76 22.27 22.86 23.35

The effect of the adsorbent dose on the adsorption capacity (in mg g?) of the CH/HAp/CF
composites with respect to the metal ions adsorbed

Cd> 1607 1459 1235 1049 916
Pb* 5050 4525 3195 2425  19.60

CH/cHAp/CF Cu* 1483 1320 1229 1089 941
Cr (as chromate ions) 25.87 1327  9.03 6.90 5.64
Cd> 1701 1514 1314 1125 946
Pb* 7028 4815  32.63 2450  19.67

CH/bHAP/CF Cu?* 1613 1604 1512 1188  9.63
Cr (as chromate ions) 21.12 10.88 7.42 5.71 4.67

The maximum adsorption "ge" in mg g* of Cd?* using the CH/HAp/CF composites was
16-17 mg g for a 0.01 g adsorbent dose. At equilibrium, the % removal of Cd?* and Cu?*
ranged from 91-96%. In comparison, the % removal of Pb?" was > 98% for a 0.05 g dose
of the CH/HAp/CF composites showing a better removal of Pb?* than the other two metal
cations studied, which agrees with the observations recorded earlier for the CH/HAp

composite system.
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Moreover, the Pb?* removal (%) is higher for the CH/bHApP/CF composite (about 20%
more) than the CH/cHAp/CF composite at a lower adsorbent dose (0.01g). The removal
efficiency of Pb?* plateaued for doses > 0.03 g for both the composites. Hence, the
optimum dose for realizing the maximum removal (%) was 0.03 g, which achieved more
than 98% Pb?* removal for the CH/HAp/CF composites. The higher removal efficiencies
for Pb?* were attained on the CH/bHApP/CF composite at 0.01 g to 0.04 g of adsorbent
doses and attributed to its relatively higher surface area than CH/cHAp/CF. Both the
composites performed equally well in Pb?* removal (%) when the dose was 0.05 g which
was attributed to the excess of adsorption sites available at the higher dose (0.05 g) for
adsorption of available metal ions.

The different removal efficiency percentage shown by the CH/cHAp/CF composite for
cation adsorption relative to the CH/bHAp/CF composite could be due to their specific
surface area (estimated using Mastersizer analysis as described in section 5.1.1 and results
included in appendix 3, Figure 3C & 3D). The estimated specific surface area of the
CH/bHAp/CF composite was found to be higher (39.13 m? kg?) than that of the
CH/cHAp/CF composite (28.83 m? kg?), consequently showing a better removal
efficiency. However, as forewarned earlier, the Mastersizer estimation of the specific
surface area is approximate due to several factors such as the heterogeneity of composites
and the dissolution or detachment of components (such as CF dust) making up the
composites. Similarly, the difference in the removal efficiency of the two composites
could only be due to the heterogeneity of the sample particles. The CH/HAp/CF
composite could not be ground well due to the presence of the coir fibre. This limitation
of processing may have resulted in a range of particle sizes (and ultimately a range of
values for the specific surface area) in the adsorbent dose exposed to the metal ion
solutions so that it may cause variations in the removal efficiencies.

It has been mentioned in Chapter 1 that the addition of HAp could enhance the removal
ability of the coir fibre-based composites if the fibres were the sole component of the
adsorbent. The ability of the CH/HAp/CF composite to adsorb Cd?* ions from solution
was compared with the Cd?* adsorption ability of natural CF as discussed in a literature
study®?°. The composite removal efficiency recorded in the present study was found to be
higher than the raw coir fibre (literature study®?), as the reported maximum adsorption

of Cd?* on natural CF>?° was relatively low (0.096 mg g ) when it was used in adsorbent
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doses of 0 to 5 g. However, in the present study, the adsorption of Cd?* on the
CH/HAp/CF composites was 16-17 mg g for the same adsorbent dose, so it was
significantly enhanced. The maximum removal efficiency of 84 % was reported for the
raw coir fibre in the mentioned literature study, while the present study showed >90%
adsorption of Cd?* ions. Further, raw lignocellulosic fibres such as bagasse, coconut fibre,
kenaf bast and spruce showed maximum adsorption values for Cu?* ranging from 0.03 to
0.61 mg g* at an initial concentration of 10 ppm and an adsorbent dose of 0.5 g. The
addition of HAp into raw fibre to form the composites (as CH/HAp/CF in the present
study) could efficiently remove the Cu?* ions, which is evident by the present study's
findings (see Table 5-8). This better removal (%) could be attributed to the presence of
hydroxyapatite in CH/HAp/CF composites, which could enable an ion exchange between
Ca2* and metal cations 28 in the CH/HAp/CF composites to remove metal cations.
Apart from the ion-exchange mechanism on the part of HAp of the CH/HAp/CF
composites, the literature studies on lignocellulosic fibre (such as coir fibre) and
hydroxyapatite-based adsorbents also have cited several mechanisms for explaining
cations (e.g. Pb?* & Cd?*) uptake on these adsorbents®2483484521 ‘The chitosan and CF
are carbonaceous materials containing the ligand atom containing functional groups,
which could be mainly involved in the metal-ligand complexation. However, the
spectroscopic characterisation of these composites (section 3.4.2) indicated the
dominance of HAp in this composite system. Additionally, the literature reported HAp
could perform more efficiently than chitosan and CF, which remove metal by ion-
exchange mechanism (see section 1.5.1.4). So, the ion-exchange mechanism could be
considered to be the leading mechanism for the removal of Pb?* ions in this experiment.
Overall, the constitutional functional groups of CH/HAp/CF composites (FTIR analysis
of CH/HAp/CF composites, Table 3-2, chapter 3) act as binding sites for metal ions
removal by these removal mechanisms352483484,

Table 5-8 also summarises the effect of adsorbent doses for chromate ion adsorption and
removal on the CH/cHAp/CF and the CH/bHAp/CF composites. A gradual increase in
removal efficiency was noted and was attributed expectedly to the availability of more
adsorbent surface area for the uptake of chromate ions. However, it was noted that the
maximum removal (%) was less than 30% for both the composites in solutions containing

the maximum adsorbent dose of 0.05 g. Contrary to this, a similar (0.05 g) doses, the
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composites were found to achieve at least >80% removal of the cations from those
solutions (see earlier discussion on this). This observation of relatively low chromate ion
removal (%) relative to cation removal (i.e., Cu?*, Pb?* and Cd?*) on the CH/HAp/CF
composites agrees with the observations recorded earlier for chromate ion removal by the
control composite system (see section 5.1.1.1).

The removal efficiency (%) of CH/HAp/CF composites with respect to chromate ion
increased by only 2-3% with an increase in adsorbent dose from 0.01 g to 0.05 g. The
main reason why chromate removal by this composite system was so low could be due to
the chemical speciation of the chromate metal ion in solution, which has been discussed
in detail in the section on the CH/HAp composites. As described earlier in section 5.1.1,
chromium (V1) is usually found in aquatic solution®? in the form of HCrO4 and Cr,07*
at pH > 4.0, which makes its adsorption difficult on negatively charged active sites of the
CH/HAPp/CF composites, such as -OH", -COO", and -PO4*. The acidic conditions (pH
<5.0) usually promote the removal of Cr as chromate ions by adsorption or reduction in
the presence of reducing agents such as nitrogenous compounds present in chitosan, as
described earlier in section 1.6.2.

Moreover, the protonation of NH groups (to form NH3*) and HAp disintegrated surface
functional groups (HPO4Ca* and OH,*) could also participate in CrO4? ion removal via
electrostatic attractions (as described in equation 5-4) at low pH (<5.0) range®? and by
opening up the surface. In the pH range of this batch experiment (4.0-6.0), the
CH/HAPp/CF composites could remove chromate ions using both mentioned mechanisms
(electrostatic interactions and reduction of chromate ions to Cr (111)). The CH/cHAp/CF
composite was found to be more efficient than the CH/bHAp/CF composite in removing
chromate ions, which aligns with the observations recorded earlier for the removal of
chromate ions using the CH/HAp (control) composites (section 5.1.1.1) and could be
attributed to the similar reason as described earlier relating to the higher solubility of the
CH/cHAp/CF composite relative to the CH/bHAp/CF composite which may facilitate
adsorption/exchange of chromate anions. The dissolution of cHAp (as described in a
literature study®**) in cHAp-based composites (like CH/cHAp and CH/cHAp/CF) can
provide the disintegrated and more accessible surface PO™ groups which are protonated at
acidic pH <4.0 to form POH groups at the adsorbent surface. This could result in the

formation of metal complexes with chromate anions, as described by Kousalya et al.>%.
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Relatively better adsorption of chromate ions observed on the CH/cHAp/CF composites
relative to the CH/bHAp/CF composites is aligned with the observations recorded earlier

for chromate adsorption on the CH/HAp (control) composites.

5.1.2.2 Effect of solution pH on metal ions removal by the CH/HAp/CF composites

Experimental: In this experiment, the effect of pH on metal ion adsorption on the
CH/HApP/CF composites was examined via AAS measurements using different
experimental conditions for different metal ions.

Like the control composite systems, only a restricted pH range from 4.0 -5.8 was used
for the Pb?* adsorption because of the already mentioned (section 5.1.1.2) risk of
precipitation of Pb?* ion as Pb(OH), at pH > 5.5. The solution concentration of Pb?* was
initially 20 ppm, and the adsorbent dose of the CH/HAp/CF composites sample was 0.01
g. The effect of pH on Cu?* ion and Cd?* ion removal by the CH/HAp/CF composites was
studied at pH ranges 4 - 6.5 and 4.0-8.0, respectively. The initial Cu?* and Cd?" ion
concentration in solutions exposed to adsorbent was 25 ppm (for both), and the adsorbent
dose was 0.05 g for Cu?* and 0.01 g for Cd?* A narrow pH range for Cu?* adsorption was
selected due to its risk of precipitation and forming copper hydroxide*®, which is usually
reported to occur in the pH range 7-12. The influence of pH on the adsorption of chromate
ion on the CH/HAp/CF composites was studied over the pH range 4.0-8.5 using the
solution with an initial chromate ion concentration of 5.0 ppm, which was exposed to
constant adsorbent dose samples of 0.01 g.

Results: Table 5-9 (Figure 4-37 to 4-40, Appendix 4) demonstrates a similar trend for the
effect of pH on Cd?*, Pb?" and Cu?* adsorption as described earlier in the control
composites (section 5.1.1.2).

For instance, the maximum adsorption values (15.20 mg g* and 21.87 mg g* of Cd?* for
the CH/cHAp/CF composite and CH/bHAp/CF, respectively) were recorded at pH 7.0.
Adsorption of Pb?* ions was at a maximum at pH 4.0 and 5.0, decreased slightly at >5.0
and increased again when solution pH was > 5.6, while the Cu?* ion adsorption was not
greatly affected by the changing of pH in the solution from 4.0 to 6.5 in both the

composites.
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Table 5-9: The effect of the solution pH on the adsorption capacity (in mg g*) of the
CH/HAp/CF composites for the adsorption of metal ions from solutions containing only one
type of metal ion

pH 4.0 5.0 6.0 7.0 8.0
cd CH/cHAp/CF 7.68 13.79 15.01 15.21 14.91
CH/bHAp/CF 19.04 20.73 21.28 21.87 21.66
pH 45 5.0 5.5 6.0 6.5
Pb** CH/cHAp/CF 36.04 36.01 33.70 34.04 36.75
CH/bHAp/CF  38.21 38.12 35.85 37.25 37.65
pH 4 5 5.5 6 6.5
Cu?* CH/cHAp/CF 9.34 9.33 9.31 9.48 9.48
CH/bHAp/CF  9.61 9.64 9.57 9.60 9.61
pH 4.5-5 5-5.5 6-6.5 7-7.5 8-8.5
Cr as chromate ions CH/cHAp/CF 0.81 0.77 0.70 0.45 0.42
CH/bHAp/CF  0.59 0.57 0.52 0.36 0.33

As described in the control composites systems (section 5.1.1.2), the charges on
functional groups (binding sites of adsorbents) are affected by the change in the pH of the
metal ion solution and control the adsorption of the metal ions on the adsorbents. A
literature study dealing with a carbon/hydroxyapatite composite system reported the
ionization of the functional groups on the composite at pH > 2.5, which provided
negatively charged hydroxyl and phosphates groups on the carbon-based/hydroxyapatite
composite for binding metal ions. Another study reported the deprotonation of carboxylic
groups (-COO") at pH > 4.0 on agricultural-based adsorbent surfaces®?°-?’, The principal
binding sites (functional groups) of the CH/HAp part of the CH/HAp/CF composites,
including the hydroxyl, amino, phosphates groups and additionally the carbonyl groups
of the CF, could be protonated at lower (acidic) pH and could result in a decrease in the
adsorption of metal cations at lower pH values®34%°,

Contrary to this, the lower concentration of protons that would have competed with
cations at a higher (less acidic to neutral) pH range resulted in more adsorption of these
ions on binding sites of the CH/HAp/CF composites®?®5%° (such as -NHz, -C=0, -PO4*
and -OH groups). The literature study*®® indicated that a pH > 6.3 is ideal due to the
existence of more negative charges at this pH on metal adsorption groups ( -OH) on
adsorbents (such as chitosan and HAp) which attract cations for adsorption*®. Further,

the literature studies, including Cd?* adsorption on CF>*°, carboxymethyl chitosan/HAp

531 532

composite>* and CF-based composites>*, reported an optimum pH range of 5-7 for

optimal Cd?* adsorption on such composite systems. Based on literature reports dealing
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with similar adsorption systems of CF and chitosan®3%°3! and as indicated in the results
of this study (Table 5-9), a pH range of 5-7 was considered to be optimum for Cd?*
adsorption.

In contrast to Cd?* ions, a decrease in Pb?* adsorption over the pH range of 5.0 <pH <5.5
could be due to a relative decrease®® in free Pb?* ions to adsorb on binding sites, as a
literature study reported a decline in Pb?* species in solution at pH > 5.0. An increase in
Pb2* removal at pH greater than 5.6 could be attributed to Pb?* conversion into lead hydroxyl
species such as Pb(OH)", Phs(OH)4?*, Pb(OH); etc., as milkiness in the Pb?* solution was
observed in the present study when pH rose above 5.5. The presence of hydrolysed lead
species in solution®®® such as Pb(OH)*, Pbs(OH)42" and Pb(OH): (aq) has been reported
to increase continually at pH > 6.0. Pb?* as the dominant chemical species present in
solution®® under pH 5.0, is available for adsorption on the negatively charged ionic
species by electrostatic interactions. Hence a pH range of 4.0 to 5.0 indicated better
adsorption of Pb?" cations on the CH/HAp/CF composites due to the presence of
negatively charged active sites (phosphates, hydroxyl and carboxylic groups) as
supported by the literature7:525:526,

The optimum pH range for Cu?* adsorption on CH/HAp/CF composites was hence taken
as 4-6. The literature also reported that pH 4.0-6.0 was an optimum pH range for
removing Cu?* from solution on lignocellulosic fibre-based adsorbents>34°3,

In contrast with the cationic species, Table 5-9 also presents the AAS data showing the
effect of initial solution pH in chromate (an anionic species) solutions exposed to 0.01 g
of adsorbent doses of the CH/HAp/CF composites on chromate ion adsorption on the
composites. Overall, the observations recorded for the effect of the pH on the chromate
ion adsorption on the CH/HAp/CF composites align with the observation recorded earlier
for the removal of the chromate ions on the CH/HAp (control) composites 5.1.1.2
indicating that the acidic/low pH favours chromate ion adsorption on such composite
system as evident from Figure 4-40 (Appendix 4). Similar reasons described earlier
(section 5.1.1.2) for the better adsorption of the chromate ions in the acidic conditions
could be considered for this system as well, particularly on the CH/HAp part of the 3
component composites. Additionally, the functional groups of the CF become protonated
under acidic conditions to provide the binding sites for the adsorption of the chromate

anions. The trend of better chromate ion adsorption on low pH values (<5.0) agrees with
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other published studies for the adsorption of chromate ions on coir fibre, activated carbons
or chitosan-based composite systems®1%°015% A continuous decrease in chromate ion
adsorption?'® was reported on coconut fibre/pith and activated carbons of coconut shells
for a pH range of 2.0-10.0.

5.1.2.3 Effect of the initial metal ion concentration on metal ions removal by the
CH/HAp/CF composites

Experimental: Initial Cd?* concentration was varied between 5 ppm and 25 ppm for a
constant adsorbent dose of 0.01g. In contrast, the initial solution pH was kept at 6-6.5 for
evaluating the effect of initial sorbate concentration in the solution on metal ion removal.
The effect of initial Pb?* ion concentration on the removal and adsorption of Pb?* on the
CH/HApP/CF composites was recorded for a range of concentrations from 10 ppm to 50
ppm. In comparison, similar recordings for Cu?* adsorption were done by exposing a
constant amount of adsorbent (0.01 g) to Cu?* solutions of different initial concentrations
between 5 ppm and 25 ppm Cu?* at an initial solution pH 4.5-5.0. Similarly, this effect
on chromate ion adsorption and removal (%) using CH/HAp/CF composites was
measured by changing the chromate ion concentration from 10 ppm to 50 ppm, at an
initial adsorbent dose of 0.01 g and pH 5.0-6.5.

Further, the data recorded using AAS in these experiments were used to study the
adsorption mechanism (in an upcoming section) by fitting the same adsorption models
(Langmuir and Freundlich) as applied earlier in the control composites by using the non-
linear regression method (see appendix 1, section 1.3) as used for the metal ion adsorption
data recorded for the control composites. An additional method of the SNE (Appendix
1.3B) was applied to the Cd?* and Pb?* ion adsorption modelling as done for the control
composites.

Results: Table 5-10 shows the effect of the initial metal ion concentration on metal ion
adsorption studied on the CH/HAp/CF composites and also presented in Figures 4-41 to
4-44 (Appendix 4). A similar trend (as observed earlier in the control composites) of a
gradual decrease in removal efficiency and increased adsorption capacity, with increasing
metal ion concentration from 5 ppm to 25 ppm, was observed. Moreover, these trends
could be attributed to similar reasons as mentioned earlier in the control composites

section. This trend also agrees with the literature studies, which reported a similar
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tendency for the effect of initial metal ion concentration in solution on metal ion

adsorption!19:537-539,

Table 5-10: The effect of the initial metal ion concentration on removal (%) and the
adsorption capacity (in mg g?) of different metal ions adsorbed on the CH/HAp/CF
composites from a single-metal ion type solution system

The removal (%) of metal ions using the CH/HAp/CF composites
Metal ion concentrations

5 10 15 20 25
(ppm)
> CH/cHApICF 69.07 6255 5060 39.28 3249
CH/bHAp/CF 86.71 7163 6136 4759  39.59
Metal ion concentrations 10 20 30 40 50
Pb* (ppm)
CH/cHApICF 90.04 8991 8384 7036 56.85
CH/bHAp/CF 93.26 9451 94,65 90.22 7551
Metal ion concentrations 5 10 15 20 25
Cu2+ (ppm)
CH/cHApICF 61.38 46.17 38.70 3236 26.91
CH/bHAp/CF 7427  67.92 5237 3994 32.36
Metal ion concentrations 10 20 30 40 50
Cr as chromate ions (ppm)
CH/cHApICF 2855 2433 2023 20.08 17.84
CH/bHAp/CF 20.00 19.28 1896 18.24  15.60
The adsorption capacity (in mg g1) of the CH/HAp/CF composites or different metal ions
Metal ion concentrations 5 10 15 20 25
(ppm)
> CH/cHAp/CF 6.91 1251 1518 1571 16.24
CH/bHAp/CF 8.67 1433 1841 19.03  19.79
Metal ion concentrations 10 20 30 40 50
Pb? (ppm)
CH/cHApICF 18.01 3596 5030 56.28  56.85
CH/bHAp/CF 1865 37.80 56.79 72117 7551
Metal ion concentrations 5 10 15 20 25
Cu (ppm)
CH/cHAp/CF 6.14 9.23 11.61 1294  13.45
CH/bHAp/CF 7.43 13.58 15.71 15.98 16.18
E\F/)Igtzl) ion  concentrations  ; 20 30 40 50
Cras chromate ions —o 1A oicF 571 973 1214 1607 17.84
CH/bHAp/CF 4.00 7.71 11.37 14.59 15.60

The maximum adsorption of Cd?* ions ranged from 16.24 mg g™* to 19.79 mg g'1 for the
CH/HAp/CF composites. The maximum adsorption of Cu?" (at an initial ion
concentration of 25 ppm) was 13.45 mg g* and 16.18 mg g* on the CH/cHAp/CF
composite and the CH/bHAp/CF composite, respectively. The maximum adsorption of

Pb?" was recorded at 50 ppm, which was 56.85 mg g*and 75.51 mg g on the
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CH/cHAp/CF composite and the CH/bHAp/CF composites, respectively. At the same
time, the highest removal (%) >90% was recorded at 10 ppm initial Pb?* concentration
for both the composites.

It was revealed that the CH/bHApP/CF composite exhibited a better removal efficiency
relative to the CH/cHAp/CF composite (Table 5-10). The difference between the removal
efficiency of the two composites for similar metal ion concentrations could again be
attributed to the high specific surface area of the CH/bHAp/CF composite relative to that
of the CH/cHAp/CF composite. The higher surface area could assist the CH/bHAp/CF
composite in metal removal mechanisms such as ion exchange, metal-complexation, or
electrostatic interactions by providing active sites. Another reason for this could be the
availability of more HAp in CH/bHAp composites than CH/cCHAp composites, as
indicated by the TGA analysis of the CH/HAp/CF composites. The higher availability of
the HAp constant in the CH/bHAp/CF than CH/cHAp/CF could have also participated in
its better removal efficiency. A third reason could simply be the heterogeneity of the
particles in the sample (dose) exposed to the metal ions solutions, which could affect the
removal efficiency by offering more available surface area for the adsorption of the metal
ions.

Along with the ion-exchange possibility of Ca?* (from HAp) with these metal cations in
solution, as a possible metal adsorption mechanism occurring on the CH/HAp/CF
composites, the literature studies also state that Cd?* adsorption on CF>%® itself, on
carboxymethyl chitosan/HAp composite®® and other CF-based composites®® utilise
COO (from lignocellulosic and cellulosic components) as one of the fundamental
functional groups to remove metal ions via metal-ligand complexation®*®3, So, the
mechanisms which could be considered for the removal of the metal cations using the
CH/HAp/CF composites include the ion-exchange (mainly on the part of HAp) and metal-
ligand complexation involving the electron-donating ligand atoms such as N and O,
present in the functional groups (such as amino- hydroxyl and carboxyl) of the other
composite components (chitosan and CF) of the system. Similarly, the literature describes
Pb?* adsorption on lignocellulosic®%%*, biopolymeric, and hydroxyapatite-based
composites®2483484 a5 complex processes involving several metal-binding ligands
(amino, hydroxyl and carboxyl groups) to chelate metal ions. Several mechanisms

simultaneously assist Pb?* removal from solution on such complex adsorption systems
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352483484 In the present study, adsorption models were fitted to the experimental data to
ascertain the best-fit model for describing the adsorption of Pb?" on the CH/HAp/CF
composites, as shown in the following section.

An irregular trend of difference in removal efficiencies (%) was observed in the case of
the metal cation adsorption on both the CH/HAp/CF composites (see Table 5-10). These
irregular results seen in the removal efficiencies shown by the two composites (i.e. the
CH/cHAp/CF and the CH/bHAp/CF composites) could be attributed to the highly
heterogeneous nature of the composites, which are made up of different sizes and types
of particle such as coir fibre dust, homogenised chitosan/HAp matrices, a matrix of
chitosan and HAp filled with coir fibre dust etc.

In Table 5-10, the maximum adsorption of 15-18 mg g for both the composites was
measured at 50 ppm concentration of chromate ions in solution. The maximum removal
(%) of chromate ions was measured at 10 ppm concentration and ranged between 20 to
28% for both the composites. The CH/cHAp/CF composite was relatively more efficient
at removing chromate ions than the CH/bHAp/CF composite by showing better
adsorption and removal of chromate ions for all concentrations. This finding aligns with
the observation recorded in earlier batch experiments of the CH/HAp/CF composites and
agrees with the observations recorded for chromate adsorption on the control composites.
To understand the removal mechanism and estimate the maximum adsorption capacity of
this composites system, the AAS data collected in this experiment was further analysed

using adsorption models as has been done in other systems.

5.1.2.4 Adsorption modelling of the CH/HAp/CF composites for the adsorption of metal
ions
Experimental: The adsorption data presented in the above batch experiment was gathered
to study the adsorption mechanism occurring on the CH/HAp/CF composites using
adsorption isotherms. The experimental results of cation adsorption on CH/HAp/CF
composites were tested against non-linear Langmuir and Freundlich isotherms (Figures
4-45 to 4-50, Appendix 4), while linearised models were used for the chromate adsorption
modelling (Figures 4-51 and 4-52, Appendix 4). Each isotherm parameter was calculated
in Microsoft Excel using the non-linear regression method employed in earlier section 5.1

(control composites).
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Results: The best-fitted model was then decided from the comparison of the R? values
from two fitted models. The calculated parameters of the adsorption models are given in
Table 5-11.

Table 5-11: Adsorption isotherm parameters for metal ions (Cd?", Pb?" and Cu?" and

chromate ions) adsorption on the CH/HAp/CF composites

Adsorption models Langmuir Freundlich

Metal ions Composites Omax (Mg g%)  Ki R? R.  1n Ke(mgg?') R?

Cd?* CH/cHAp/CF  19.57 038 096 062 0.32 7.06 0.85
CH/bHApP/CE  20.66 1.04 098 050 0.25 10.48 0.93

Pp2+ CH/cHAp/CF  66.10 047 095 0.68 0.26 39.42 0.81
CH/bHAp/CF  89.85 0.72 089 0.60 0.29 27.73 0.72

Cu? CH/cHAp/CF  15.95 029 099 016 293 5.20 0.98
CH/bHAp/CF  18.55 060 094 0.09 432 9.02 0.79
CH/cHAp/CF  29.41 0.03 099 042 159 0.66 0.99

Chromate IonS o ybHAPICF 7246 000 100 076 071 085 0.99

The comparison of R? values obtained after fitting the non-linear Langmuir and
Freundlich models to data revealed that the Langmuir isotherm model was the best-fitted
model for explaining the adsorption of all four metal ions studied on the CH/HAp/CF
composites with R? at least > 0.94 indicating the goodness of fit. The fitting of the
Langmuir isotherm model to the experimental data for metal ion adsorption on the
CH/HAPp/CF composites agrees with the modelling done for these metal ion adsorptions
on the CH/HAp (control composites) and also is in accord with similar systems described
earlier in the literature (Table 1-8).

The Langmuir isotherm model fitted to the metal ion adsorption data for both the
composites (i.e. the CH/cHAp/CF and CH/bHAp/CF composites) suggested a monolayer
adsorption model for metal ions on a homogeneous adsorbent surface*®*. Using the
Langmuir model, the calculated gmax (in mg g*) of Cd?* was 19.57 mg g and 20.66 mg
g? on the CH/cHAp/CF and CH/bHApP/CF composites, respectively. The maximum
adsorption capacity (qmax mg g) estimated for Pb?* adsorption on the CH/cHAp/CF
composite and the CH/bHAp/CF composite were 66.097 mg g* and 89.85 mg g%,
respectively, and Cu?* adsorption was 15.95 mg g™* and 18.55 mg g*. The value of K
(Langmuir constant associated with the affinity of sorbate towards adsorbent) is relatively
higher for the CH/bHAp/CF composite than for the CH/cHAp/CF composite (see Table
5-11). As described earlier in Chapter 1(section 1.10.1), the Krelates the free adsorption
energy and affinity for spontaneous adsorption of sorbate on the adsorbent surface as
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mentioned in literature®¥. The higher value of K. for the CH/bHApP/CF composite
represents a better affinity exhibited by cations (due to higher free adsorption energy)
towards the CH/bHAp/CF composite than for the CH/cHAp/CF composite. The values
of the dimensionless factor R, (calculated using equation 5-6) for metal ion adsorption on
CH/HAp/CF composites given in Table 5-11 also indicated a favourable adsorption
processas 0 < R_< 1.

The literature supports the fitting of the Langmuir on these systems, assuming a
homogenous surface (Langmuir assumption) on these composites when observed as
macroscopic levels. Further, the fitting of the Langmuir on similar heterogeneous-
appearing systems also supports this model fitting to describe the Cd?* adsorption.

In a published study®*, an adsorbent system (similar to CF) of lignocellulosic mass (from
a camphor tree) reported that Cd?* adsorption was modelled to be Langmuirian in nature.
It calculated a gmax Vvalue of 10.99 mg g as the maximum adsorption capacity. It
suggested that surface complexation of metal ions, forming a metal-ligand complex with
a functional group such as carbonyl as the primary adsorption mechanism®* for uptake
of Cd?*. Another study**® reported the Langmuir isotherm as the best-fitted model to
describe the Cd?* ion adsorption on coir fibre itself. It estimated a value of 5.29 mg g™
for the maximum adsorption capacity for Cd?* adsorption3®. These two literature
studies®**3% agree with the findings of the present study, as Langmuirian behaviour was
found to be the best-fitted model for describing Cd?" adsorption on coir fibre-based
adsorbents. In another literature study®*, the estimated adsorption capacity of CF for Pb?*
was 48.84 mg g (at pH 4.5) calculated using the Langmuir isotherm model®**. Similarly,
the maximum adsorption capacity (mg g*) of raw coir fibre and alkali-treated coir fibre
for Cu?* to be 2.77 mg g* and 9.43 mg g, respectively®*®.

In contrast, the estimated maximum adsorption capacity gmax (mg g*) of CH/HAp/CF
composites for these metal ions adsorption is higher (Table 5-11) than the estimated value
calculated using the Langmuir isotherm model for CF in the mentioned literature studies
(mentioned above), which confirms the hypothesis of more efficient metal cation
adsorption occurring on the CH/HAp/CF composites system (present study) than raw CF
(literature), and very likely attributed to the presence of HAp in the CH/HAp/CF

composites, which helps to increase the adsorption capacities of the CH/HAp/CF
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composites by providing an additional metal removal mechanism (ion-exchange as
mentioned in chapter 1, (section 1.5.1.4).

Additionally, the gmax 0f Pb?* ions (Table 5-11) is higher than the qmax estimated for the
Cd?* ions (Table 5-11) on the CH/HAp/CF composites. It indicated that the CH/HAp/CF
is more efficient at removing the Pb?* ions than the Cd?* ions. The better removal of the
Pb?* ions than Cd?* ions could be due to better removal of Pb?* on the HAp part of the
composite due to physiochemical characters of the Pb2* which favours its adsorption on
these composites than other cations as described earlier in section 5.1.1. This better
adsorption of Pb?* than Cd?* on the CH/HAp/CF composites observed in a single metal
ion type system would be explored further in a later section (competitive adsorption
system (containing two metal ion types) for the CH/HAp/CF composites) to confirm the
findings of the literature and the CH/HAp (control) composites of this study.

As mentioned above and in the control composites sections, the linearised models were
used for the chromate adsorption modelling using the composites systems studied. The
following Table presents the linearized Langmuir and Freundlich equation calculated
using linear fitting of Langmuir and Freundlich isotherms on Microsoft Excel for
chromate ion adsorption on the CH/HAp/CF composites. The equations generated from

these fits using Microsoft Excel are given as follows:

Table 5-12: The linearized equations calculated for chromate ion adsorption on the

CH/HAp/CF composites using linearized Langmuir and Freundlich isotherms

Composites Linearized Langmuir Equation Linearized Freundlich Equation
CH/cHAp/CF y = 1.0176x+ 0.034 (R?= 0.9936) y = 0.6558x + 0.462 (R?= 0.9978)
CH/bHAp/CF y = 1.8822x+ 0.0138 (R?= 0.9978) y = 0.8519x - 0.346 (R?= 0.986)

Hence using the above equations, the Langmuir and Freundlich adsorption isotherm
parameters were calculated as described earlier in section 5.1.1.4.

The calculated parameters for the systems tested and derived from both the adsorption
models are thus given in Table 5-11. The comparison of R? values of both adsorption
models reveals that both the Freundlich and Langmuir adsorption isotherms were found
to fit the data and suggested that the adsorption of chromate ion was occurring on a surface

of heterogeneous nature. Though the Langmuir model R? values are relatively higher than
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the Freundlich (Table 5-11) for CH/HAp/CF composites, the Freundlich model also
shows a good fit with R? values of >0.98 being obtained from fits to data.

The maximum adsorption capacity (mg g?) of the CH/cHAp/CF composite and the
CH/bHAp/CF composite for chromate ion adsorption, as estimated by the Langmuir
isotherm model, is 29.41 mg g and 72.46 mg g, respectively, which is showing a
different trend from the experimental values of chromate ion adsorption on CH/HAp/CF
composites. Experimental values of adsorption (mg g*) show higher chromate ion
adsorption on the CH/cHAp/CF composite than CH/bHAp/CF. The dimensionless factor
Rc of Langmuir isotherm also showed favourable adsorption of chromate ions on both
the composites as 0 <R <1.

The value of the Freundlich isotherm parameter “1/n” lies between 0 and 1, indicating
favourable adsorption of chromate ions on both the composites. The 1/n factor of
Freundlich isotherm is also used to describe the heterogeneity of the adsorption process
in literature®:547,

If the value of 1/n is higher for one adsorbent than the other, it means the adsorption is
occurring on a more heterogeneous surface®’. For chromate ion adsorption on the
CH/HAPp/CF composites, the value of 1/n is higher for the CH/bHAp/CF composite than
for the CH/cHAp/CF, implying that the chromate ion adsorption is occurring on a more
heterogeneous surface of the CH/bHAp/CF composite than CH/cHAp/CF. The value of
Kr (Freundlich constant), which is used to estimate adsorption capacity (mg g1)**, is
higher for the CH/cHAp/CF composite than for the CH/bHAp/CF composite, which
agrees with the experimental observation of this batch experiment. It means the extent of
adsorption is higher on CH/cHAp/CF composite than CH/bHAp/CF.

Based on the calculated parameters for the Langmuir and Freundlich isotherms, the
Freundlich isotherm lies closer to the experimental observations of chromate ion
adsorption on the CH/HAp/CF composites. It could be used to describe the adsorption of
chromate ions in this system.

Parab et al. reported®® the Langmuir isotherm model as the best-fitted model to describe
the Cr(V1) adsorption on coir pith?2, Using the Langmuir isotherm model, they estimated
a maximum adsorption capacity (mg g*) of 11.56 mg g*. In the present study, the
estimated value of chromate ion adsorption on the CH/HAp/CF composites ranges from

29-72 mg g* composite, which is higher than the estimated value of chromate ion
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adsorption on raw coir pith, indicating that the coconut fibre materials adsorption capacity
for chromate ion adsorption could be improved by making a composite with HAp, as is
evident from the batch experiments mentioned above for chromate ion adsorption on the
CH/HAPp/CF composites.

5.1.2.5 Comparison of the maximum adsorption capacities of the CH/HAp/CF
composites and CH/HAp (control composites) for metal ion adsorption as

estimated by the Langmuir isotherm model

The comparison of the maximum adsorption capacities (gmax in mg g*) of the control and
CH/HApP/CF composites, estimated by Langmuir for metal ion adsorption studied, is
presented in Table 5-13.

Table 5-13: Comparison of adsorption capacities (qmax mg g*) of the CH/HAp (control) and
CH/HAp/CF composites as estimated by the Langmuir isotherm model

Composites Cd?* Pb? Cu?* Chromate ions
CH/cHAp 24.33 52.42 15.91 45.04
CH/bHAp 33.93 90.13 23.67 34.72
CH/cHAp/CF 19.57 66.097 15.95 29.41
CH/bHAp/CF 20.66 89.85 18.55 72.46

Cd?: The maximum adsorption capacity (qmax mg g* of Cd?*) on the CH/HAp composites
(control composites) ranges from 24.33 mg g* (CH/cHAp) to 33.93 mg g, which is
higher than the estimated value of Cd?* adsorption on the CH/HAp/CF composites. It
indicates the reduction in estimated adsorption capacity (gmax) of the CH/HAp composites
after the addition of CF. There is a possibility that coir fibre blocks the HAp sites on the
composites as a possible reason for the decrease in removal efficiency.

Pb2*: The estimated maximum adsorption capacity (gmax in mg g*) of Pb?* on the
CH/cHAp (control) is 52.42 mg g* and it increased to 66.097 mg g* on the CH/cHAp/CF.
It showed an improvement in the adsorption capacity of the CH/cHAp after adding CF
into it. This improved adsorption capacity of the CH/cHAp could be attributed to the
availability of more adsorption sites after adding the CF. Contrary to this, the estimated
adsorption of Cd?* was found to decrease after the addition of the CF into the CH/cHAp
composites (see Table above). The improvement in the adsorption capacity after
synthesising the composite of CF with the HAp aligns with the literature findings
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discussed above. The experimental adsorption capacity (mg g*) of the CH/cHAp was also
found to increase after the addition of CF to form the CH/cHAp/CF composites and agrees
with the findings of the adsorption modelling. The addition of CF did not affect the
estimated adsorption capacity of the CH/bHAp (control) as it ranges between 89-90 mg
g for both the CH/bHAp (control) and the CH/bHApP/CF composites. It could be due to
saturation of the active sites as the constant dose of 0.01 g was used to conduct this
experiment. The CH/bHAp composite was more efficient at removing Pb?* ions than the
CH/cHAp composite. So, the additions of CF did not show any significant improvement
in the adsorption ability due to the low availability of adsorption sites on the 0.01 g
adsorbent dose.

Cu?*: The comparison of adsorption capacity (mg g*) of the CH/cHAp/CF composite
with the CH/cHAp composite (control systems) shows similar adsorption capacities for
Cu?*, which illustrates that there is no effect of the addition of CF into the CH/cHAp
composite on the adsorption capacity toward Cu?*. The addition of CF has reduced the
CH/bHAp adsorption capacity for Cu?* adsorption from 23.67 mg g* to 18.55 mg g™
This trend aligns with the observation recorded for the Pb?" ion adsorption on the
CH/HApP/CF composites. This difference of adsorption capacities between the two
composites (CH/bHAp and CH/bHAp/CF) could be due to the heterogeneity of the
CH/bHAp/CF composite sample (having CF into it and it shows that the Langmuir model
is not suitable for describing the adsorption of cations on a highly heterogeneous
composite (like the CH/HAp/CF composites). The adsorption on these composites could
be considered to occur in a range of behaviours that could fit in the Langmuir model (to
describe the homogenous adsorption behaviour) and could be explored further using other
models (such as the Sips or Temkin) to understand it better.

Chromate ions: The maximum adsorption capacity ((max Mg g* of chromate ions) on the
CH/HAp composites (control composites) is presented in Table 5-13. It showed qmax of
chromate ions 45.04 mg g (CH/cHAp), higher than the estimated value of chromate
adsorption on the CH/cHAp/CF composites. The addition of CF in cHAp-based
composite indicates the reduction in estimated adsorption capacity (qmax) of the CH/cHAp
composites after the addition of CF. There is a possibility that coir fibre blocks the HAp
sites on the composites as a possible reason for the decrease in removal efficiency. This

observation aligns with the observations recorded for the Cd?* ions (see Table 5-13).
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Contrary to the cHAp-based composites, the estimated maximum adsorption capacity
(gmax in mg g?) of chromate ions on the CH/bHAp (control) is 34.72 mg g which
increased to 72.46 mg g on the CH/bHAp/CF. It showed an improvement in the
adsorption capacity of the CH/bHAp after adding CF into it. This improved adsorption
capacity of the CH/bHAp could be attributed to the availability of more adsorption sites
after adding the CF. However, it is not aligned with other observations recorded for the
bHAp-based composite for metal ion adsorption. This anomalous behaviour could be due
to the heterogeneity of the sample.

5.1.2.6 Effect of contact time on metal ions removal by the CH/HAp/CF composites

Experimental: The effect of contact time on metal ions removal (%) by the CH/HAp/CF
composites was measured by varying the contact time between 1 minute and 120 minutes
for measuring adsorption on a 0.05 g dose of adsorbent in 20 mL of Cd?* and Cu?* (25
ppm) solution and on a 0.01 g dose of adsorbent in 20 mL of Pb?* (25 ppm) and chromate
ion (50 ppm) solutions. Furthermore, the collected data was also used to evaluate the
kinetics of metal ion adsorption on the CH/HAp/CF composites adsorbents by kinetic
modelling.

Results: Table 5-14 presents the effect of contact time on metal ions removal (%) using
the CH/HAp/CF composites and is presented in Figures 4-53 to 4-56 (Appendix 4).
Table 5-14: The effect of the contact time on the % removal of metal ions on the CH/HAp/CF

composites system from a single-metal ion type solution system

Contact Time (minutes) 1 2 3 4 5 10 15 30 60 120

CH/cHAp/CF 18.02 3486 4230 5044 56.46 69.92 73.38 77.84 8222 85.82

e CH/bHAp/CF 36.38 45.66 53.86 60.30 61.24 68.24 7588 82.80 86.02 88.08
-_ CH/cHAp/CF 21.87 3232 37.47 43.09 51.62 57.18 6350 75.68 79.26 84.83
CH/bHAp/CF 28.11 37.56 42.47 48.92 5425 6255 70.02 8547 89.46 9391
cu CH/cHAp/CF 1358 2851 33.03 34.33 44.64 56.26 61.24 86.61 93.36 93.58
CH/bHAp/CF 23.16 27.05 28.64 39.74 49.76 7350 79.30 88.08 9595 96.01
CH/cHAp/CF 1592 17.09 17.48 17.76 19.75 20.39 20.54 22.16 22.63 22.84
Chromate

CH/bHAp/CF 1501 16.39 17.71 17.35 1794 19.16 1955 19.76 19.84 21.16

The Cd?* adsorption was rapid in the initial 15 minutes. The adsorption increased steeply

in the initial 15 minutes, achieving about 70% removal (%), as observed by the steep
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slope part of the graph (Figure 4-53, Appendix 4). The adsorbents reached adsorption
equilibrium in 120 minutes, illustrating the saturation of active sites on the adsorbent
surface and achieving >80% Cd?* removal on the CH/HAp/CF composites.

For Pb?*, a sharp increase in removal % (more than 50%) of Pb?* ions from the solution
were recorded in the initial 5 minutes for both the composites tested (Table 5-14).
Maximum removal efficiency for both the composites tested was calculated to be about
85-94% over the 2 hours of exposure time. The optimum time for realising the highest
Pb?* ion removal with the CH/HAp/CF composites was found to be 120 minutes.
Similarly, both composite samples achieved about 50% removal in just five minutes and
achieved equilibrium (saturation of adsorbent) in 60 minutes with more than 90% Cu?"*
removal, as no further change in removal (%) was recorded after 60 minutes for both the
composites. The overall removal efficiency (%) of both composites was similar, ranging
from 93 to 96%. The rapid increase in removal efficiency of CH/HAp/CF composites
over the period of 1 to 15 minutes of contact time could be attributed to the excess
availability of active sites (-NHz, -OH", -COO™ and -POs*) at the beginning of the
adsorption process, which gradually saturates and reaches equilibrium at a maximum time
of 120 minutes.

The better metal ions removal (%) on the CH/bHAp/CF than the CH/cHAp/CF composite
was demonstrated by the Langmuir constant K. value (Table 5-11), which is higher for
the CH/bHAp/CF composite compared to the value obtained for the CH/cHAp/CF
composite. The Ky is used to describe the affinity of sorbate for adsorbent molecules®#8°4°,
so the higher K value (Langmuir model) and higher removal % observed for the
CH/bHAp/CF composite compared to the CH/cHAp/CF composite show a better affinity
of metal ions towards the CH/bHAp/CF composite for adsorption. This better affinity of
all three metal cations (Cd?*, Pb?* and Cu?*) towards the CH/bHAp/CF composite could
be attributed to the availability of relatively more adsorption sites due to the higher
surface area of the CH/bHAp/CF composite.

Similar to cation adsorption, the rapid increase in chromate ion adsorption (removal %)
by both the composites is attributed to the excess availability of adsorption sites at the
beginning of the adsorption process. The composites reached adsorption equilibrium at
60 minutes, which specified the saturation of adsorption sites on the surface of adsorbents.

No further change in removal (%) was recorded after 60 minutes for both the composites.

209



The low removal efficiency of both the composites (as compared to cations removal)
could be due to the anionic nature of the chromate ion species present in the solution, as
discussed earlier (effect of pH experiment), which limits its adsorption on negatively
charged adsorption sites which dominate the surface of CH/HAp/CF composites in the

pH range (5.0-6.0) of this experiment.

5.1.2.7 Kinetic modelling for metal ion adsorption on the CH/HAp/CF composites

systems

Kinetic modelling of metal ion adsorption on CH/HAp/CF composites was performed
with testing done for non-linear pseudo-first-order (PFO, section 1.11.1) and pseudo-
second-order (PSO, section 1.11.2) kinetics. The best fit of the PFO or PSO Kinetic
models was decided upon by comparing the R? values calculated for both models and
choosing the R? value closest to 1 calculated for each model. The kinetics models fitted
to the experimental data of metal ion adsorption on the CH/HAp/CF composites are also
presented in Figures 4-57 to 4-64 (Appendix 4).

Results: The calculated kinetic model parameters for metal ion adsorption are given in
Table 5-15. The comparison of coefficient of determination values (R?) of PFO and PSO
kinetic models showed that the PSO kinetic model was the best-fitted model with an R?
value closer to 1 than that for the PFO kinetic model for metal cation adsorption on both
composite systems (Table 5-15). The calculated adsorption capacity (gmaxinmg g*) using
the PSO kinetic model was 8.77 mg g (CH/cHAp/CF) and 8.65 mg g (CH/bHAp/CF)
for Cd?* , 41.85 mg g* (CH/cHAp/CF) and 46.43 mg g* (CH/bHAp/CF) for Pb?* and
10.06 mg g* (CH/cHAp/CF) and 10.41 mg g™* (CH/bHAp/CF) for Cu?*.

The best fit of the PSO kinetic model to the experimental data for metal cation adsorption
on the CH/HAp/CF composites indicated that the rate-limiting step for these metal cation
adsorption on CH/HAp/CF composites was chemisorption on the surface®®.
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Table 5-15: The parameters calculated for metal ion adsorption on the CH/HAp/CF
composites based on each kinetic model fitted.

Metal Composite _PFO PSO

ions systems ki(minY) ge(mgg?) R? ko(gmgimin?) ge(mgg?l) R?

Cat CH/cHApP/CF  0.249 7.990 0.980 0.037 8.772 0.999
CH/bHAp/CF  0.382 8.002 0.853 0.065 8.650 0.998

pp2+ CH/cHAp/CF  0.217 37.825 0.910 0.007 41.859 0.998
CH/bHAp/CF 0.218 42.102 0.875 0.006 46.433 0.996

cu CH/cHAp/CF  0.115 8.980 0.945 0.014 10.063 0.996
CH/bHAp/CF  0.147 9.320 0.975 0.017 10.418 0.996

Chromate CH/cHAp/CF 1.118 20.612 0.447 0.086 21.918 0.998
CH/bHAp/CF  1.313 19.072 0.566 0.124 20.043 0.999

The chemisorption of metal cations on the CH/HAp/CF composites could occur through
the functional groups of chitosan, HAp, and CF. As mentioned earlier, the electron-
donating groups of chitosan (-NH2) and the COO" groups of CF could form metal
complexes®®%!which could assist the chemisorption of metal cations on the
CH/HAPp/CF composite. Additionally, the HAp could be providing the adsorption ability
(by introducing the ion-exchange mechanism in CH/HAp/CF composites) given CF on
its own is more weakly adsorbing of metal cations.

This finding is in good agreement with the adsorption literature, which has shown PSO
kinetics to apply for metal ion adsorption on the composites made from chitosan,
hydroxyapatite, and lignocellulosic fibres83111:36848 |t also aligns with the kinetic
modelling of metal ions on the CH/HAp (control) composites (see section 5.1.1.6).

For chromate ion adsorption modelling (Figure 4-51 and 4-52), the comparison of the
coefficient of determination values (R?) from the PFO and PSO kinetic models showed
that the PSO kinetic model is the best-fitted model with a higher R? (>0.99) than that
calculated for the PFO kinetic model for chromate ion adsorption on both composite
systems. The calculated adsorption capacity (e in mg g*) of chromate ions by the PSO
kinetic model was 20.61 mg g* (CH/cHAp/CF) and 19.07 mg g* (CH/bHAp/CF). The
fitting of the PSO kinetic model to the data relating top chromate ion adsorption on the
CH/HApP/CF composites. It confirms that the chemisorption mechanism was the rate-
limiting step for chromate ion adsorption using this composite. The findings of this batch
experiment align with the literature studies, which also reported the fitting of the PSO
kinetic model on the Kkinetics data of the chromate ion adsorption, using the

lignocellulosic fibre and coir pith based-composites as adsorbents?32:523,
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5.1.3 Experiments involving the removal of metal ions by the CH/HAp/SCGs
composites (commercial & Bovine-derived) from the single-metal ion

type system

The chitosan/HAp/Spent coffee grounds (CH/HAp/SCGs) composite (a three-component
composite system) was synthesised by adding spent coffee grounds (SCGs) to the
CH/HAp composite. Like the control composites (section 5.1.1) and three-component
composite systems (discussed earlier in section 5.1.2), the spectroscopic and microscopic
characterisation of the CH/HAp/SCGs composites was done and comprehensively
described in chapter 3 (in section 3.4.3).

The methods used in each batch experiment to remove metal ions using the
CH/HAp/SCGs composites are described in their respective sections below. The
following describes the results of using this composite system to remove Cd?*, Pb?*, Cu?*
and chromate ions from various model solutions and their adsorption and kinetic
modelling (using the same methods described for the earlier composite systems of this
study) to understand better the adsorption mechanism undergone by each metal ion and

the Kkinetics of the adsorption process in this composite system.

5.1.3.1 Effect of adsorbent dose on metal ions removal by the CH/HAp/SCGS

composites

Experimental: The metal ion adsorption and removal (%) were measured using 0.01g to
0.05 g doses of the CH/HAp/SCGs composites for an initial metal ion concentration of
50 ppm (for Cd?*, Pb?* and chromate ions solutions) and 25 ppm (for Cu?*). The initial
solution pH ranged from 4.5-6.0.

Results: Table 5-16 (Figure 4-65- to 4-68, Appendix 4) presents the AAS results for metal
ion (Cd?*, Pb?*, Cu®*and chromate ions removal efficiency (%) and adsorption capacity
"ge" (mg g*) for the CH/HAP/SCGs composite system with different adsorbent doses
(0.01g to 0.05 g). An obvious trend of gradual increase in removal efficiency (%) and
decrease in the adsorption capacity (mg g*) of CH/HAp/SCGs composites was observed
with an increase in the adsorbent dose and attributed to similar reasons discussed in detail
in earlier sections (see “effect of adsorbent dose” batch experiment results in earlier

sections 5.1.1.1 & 5.1.2.1).
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The maximum removal of Cd?* and Pb?" was recorded at 0.05 g of adsorbent dose, i.e.,
66-78 % (Cd?*) and > 97% (Pb?*) for a 0.05 g dose of the CH/HAp/SCGs composites.
Similarly, the removal% values for Cu?* ions range between 18.25-23.44 % recorded at
the 0.01 g dose and 81.29-94.77% recorded at the 0.05 g dose for both the CH/HAp/SCGs
composites tested. The systems demonstrated a 60-71% increase in the removal efficiency
when the adsorbent dose was increased from 0.01 to 0.05 g. These observations agree
with those made in the case of studies involving the metal ion adsorption systems on the
CH/HAp (control) composites, which indicated that the removal efficiency could be
enhanced by simply increasing the adsorbent dose.

The comparison of Pb?* and Cd?* ions adsorption for a sorbent range of 0.01 g to 0.05 g
of the CH/HAp/SCGs composites indicated the removal ability of the CH/HAp/SCGs
composites is higher for Pb?* ions than Cd?* ions. This trend confirms the findings of
earlier composite systems studied for Cd?* and Pb?* adsorption (in sections 5.1.1 and
5.1.2), showing better adsorption of Pb?* ions and could be attributed to already explained
reasons related to the physicochemical characters of Pb?* which allow for its relatively
higher adsorption than observed for Cd?* on the HAp-based composite systems.

Table 5-16: The effect of the adsorbent dose on the removal efficiency (%) and adsorption
capacity (mg g*!) of the CH/HAp/SCGs composites for the adsorption of the metal ions in

the single-metal ion type solution systems

The effect of the adsorbent dose on removal (%) of metal ions using the CH/HAp/SCGs
composites

Dose (g) 0.01 0.02 0.03 0.04 0.05
Cd> 1712 32.64 4798 59.05 66.86
Pb** 3493 60.01 89.78 96.21 97.97

CHICHAP/SCGs Cu* 1825 3405 49.14 6536 81.29
Cr (as chromate ions) 3222 3400 3539 3538 3572
Cd* 18.18 34.81 49.24 63.37 77.98
Pb** 4578 66.33 9438 96.73 97.99

CH/BHAP/SCGs Cu* 2344 4030 5895 7650 94.77
Cr (as chromate ions) 32.17 3353 3441 3934 39.63

The effect of the adsorbent dose on the adsorption capacity (in mg g) of the CH/HAp/SCGs
composites with respect to the metal ions adsorbed

Cd* 17.12 16.32 15.55 14.76 13.37
Pb** 3461 3047 29.87 2406 19.58
CHICHAP/SCGs Cu* 913 851 819 817 8.3
Cr (as chromate ions) 16.11  8.50 5.90 4.42 3.57
Cd* 18.18 17.41 16.59 15.84 15.41
Pb** 4243 34.09 3129 2415 19.59
CH/bHAP/SCGs Cu* 11.72 1007 982 956  9.48
Cr (as chromate ions) 16.09 8.38 5.74 4.92 3.96
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The maximum adsorption of Cd?* was 17.12 mg g* and 18.18 mg g* for the
CH/cHAp/SCGs and the CH/bHAp/SCGs composites, respectively, recorded at an
adsorbent dose of 0.01 g. Overall, both the composites showed similar adsorption
capacities (mg g™) for Cd?* as the maximum difference between the adsorption capacities
of the two composites is 1-2 mg g* at all adsorbent doses studied from 0.01 g to 0.05 g.
In contrast, better adsorption ability of the CH/bHAp/SCGs for Pb?* than the
CH/cHApP/SCGs was recorded, which agrees with the effect of adsorbent dose on Pb?*
adsorption on the CH/bHAp composite systems. It is associated with the higher removal
efficiencies of bHAp-based composites for Pb?* ions due to the relatively higher surface
area of these composites than cHAp-based composites.

Generally, all three bHAp-based composites (see earlier sections 5.1.1 & 5.1.2) showed
a better removal efficiency for cations than the cHAp-based composites. It could be
deduced from these observations that the presence of bHAp plays a role in the better
adsorption ability of composites than cHAp. This better adsorption ability of these
composites could be attributed to the relatively higher surface area of bHAp-based
composites as observed in earlier systems.

The constitutional functional groups of CH/HAp/SCGs composites (FTIR analysis of
CH/HApP/SCGs composites, Table 3-3, Chapter 3) act as binding sites for metal cations
removal by ion exchange, metal-complexation, and electrostatic interactions®°2483484 The
HAp might be the most dominantly adsorbing component of CH/HAp/SCGs, which could
participate in cations removal in several ways, as described in detail in earlier sections
(section 1.5.4).

AAS data for chromate ion adsorption on the CH/HAp/SCGs composites is presented in
Table 5-15 (and in Figure 4-67 to 4-68, Appendix 4), which provides a summary of the
effect of adsorbent doses for chromate ion adsorption and removal on the
CH/cHAp/SCGs and the CH/bHAp/SCGs composites. A gradual increase in removal
efficiency was noted (and aligned with the observations recorded for cation removal) and
was attributed expectedly to the availability of more adsorbent surface area for the uptake
of chromate ions. However, it was noted that the maximum removal (%) was less than
40% for both the composites in solutions containing the maximum adsorbent dose of 0.05
g. In contrast to this observation, when the same composites were exposed to solutions

containing Cd?*, Pb?* and Cu?* ions. At a similar (0.05 g) dose, the composites were found
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to achieve at least >80% removal of the cations from those solutions (see earlier
discussion on this). This observation of relatively low chromate ion removal (%) relative
to cation removal (i.e., Cu?*, Pb?" and Cd?*) on the CH/HApP/SCGs composites agrees
with the observations recorded earlier for chromate ion removal by the control composite
system (section 5.1.1) and the CH/HAp/CF composite system (5.1.2). However,
compared to the control composites, the removal efficiency of CH/HAp/SCGs is better
(Table 5-15) for the adsorption of chromate anions than the CH/HAp composites (control)
(Table 5-1) as the maximum removal of chromate anion at 0.01 g to 0.05 g of CH/HAp
composites ranged from 17-29%, while it is 32-29% for the same dose of CH/HAp/SCGs.
This better adsorption of chromate anions on CH/HAp/SCGs than CH/HAp (control)
composites could be attributed to the presence of SCGs providing suitable adsorption
sites for the removal of chromate anions. These adsorption (binding) sites could be the
polyphenolic groups of tannins found in the SCGs and the carboxyl groups found in the
lignocellulosic portion of SCGs (Chapter 1, section 1.5.4 (Table 1-4)).

The removal efficiency (%) of CH/HAp/SCGs composites with respect to chromate ion
increased by 3-7%, increasing the adsorbent dose from 0.01 g to 0.05 g. The
CH/cHAp/SCGs composite and the CH/bHAp/SCGs composite showed comparable
adsorption of chromate anions (mg g) chromate, ranging from 16.08-16.11 mg g* at an

adsorbent dose of 0.01 g.

5.1.3.2 Effect of solution pH on metal ions removal by the CH/HAp/SCGs composites

Experimental: The effect of solution pH on metal ion adsorption (mg g?) on the
CH/HAp/SCGs composites was recorded by using an initial metal ion concentration of
50 ppm (for Cd?* and Cu?") at 0.05 g of adsorbent dose. The initial metal ion
concentrations of Pb?* and chromate ion solutions were 20 ppm and 35 ppm, respectively,
which were exposed to 0.01 g of adsorbent dose for the measurements of the effect of pH.
The pH was altered between 4.0 and 8.0 (for Cd?* ions), between 4.0 -5.8 for Pb?*
between 4.0-6.5 for Cu?* and 4.0-9.5 for chromate ion solution. A restricted pH range was
used for Pb?* and Cu?* due to the precipitation risk of these metals, as mentioned earlier
in the results and discussion involving adsorption on the control composites).

Results: Table 5-17 and Figures 4-69 to 4-72, appendix 4, the AAS data demonstrate the
change in adsorption capacity (mg g?) of the CH/HAp/SCGs composites for metal ion
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adsorption with changing the solution pH. A similar trend in cations (Cd?*, Pb?* and
Cu?*) adsorption was recorded earlier for the CH/HAp (control) composites and base-
three component composites.

About 2 mg g increase in adsorption capacity of CH/HAp/SCGs composites was
recorded for Cd?* ion adsorption when the pH of the solution was varied from 4.0 to 5.0.
It slightly decreased after 5.0. No prominent changes in the adsorption capacity of the
composites were recorded by varying the pH of the solution from 6.0 to 8.0. Similarly,
the Pb?*" adsorption was a maximum at pH 5.0, decreased slightly at pH >5.0 and
increased again when solution pH was >5.6. The Cu?* ion adsorption was not greatly
affected by the changing of pH in the solution from 4.0 to 6.5 in both the composites. It
was found that at a pH of 5.0-6.0, the Cu?* ion removal was observed to be at its maximum
with an adsorption capacity of about 9.16 and 9.51 mg g* for CH/cHAp/SCGs and
CH/bHApP/SCGs, respectively. The trends could be explained by similar reasons as

discussed in detail in earlier sections (see sections 5.1.1.2 & 0).

Table 5-17: The effect of the solution pH on the adsorption capacity (in mg g?) of the
CH/HAp/SCGs composites for the adsorption of metal ions from solutions containing only

one type of metal ion

pH 4.0 5.0 6.0 7.0 8.0
Cd CH/cHAp/SCGs 12.68 13.19 12.44 12.62 12.71
CH/bHAp/SCGs 13.22 15.34 14.41 14.56 15.04
pH 4.5 5.0 55 6.0 6.5
Pb** CH/cHAp/SCGs 36.99 41.28 38.53 40.97 42.32
CH/bHAp/SCGs 41.32 42.94 41.17 42.67 42.71
pH 4.0 5.0 5.5 6.0 6.5
Cu? CH/cHAp/SCGs 9.10 9.16 9.15 9.15 9.09
CH/bHApP/SCGs 9.50 9.51 9.51 9.51 9.31
pH 4.5-5 5-5.5 6-6.5 7-7.5 8-8.5
Cr as chromate ions CH/cHAp/SCGs 18.3 17.45 15.3 9.518 8.264
CH/bHAp/SCGs 18.4 18.538 15.4 10.1 9.328

As discussed in detail in control composites and the base-three component composites
(CH/HAp/CF composite systems), the charges on functional groups (binding sites of
adsorbents) are affected by the change in the pH of the metal ions solution. The functional
groups which could be potential binding sites for cation adsorption of the CH/HAp/SCGs
composites include the hydroxyl, amino, carbonyl and phosphates groups as presented in
FTIR Spectra of the CH/cHAp/SCGs (Table 3-3, Chapter 3). So, the lower adsorption

216



measured at lower pH (4.0) could be attributed to hydrogen ion competition and
protonation of the mentioned active sites on the chitosan/HAp/SCGs composite. The
control composite system (CH/HAp) and the CH/HAp/CF composites showed an
increasing cation adsorption trend when the solution pH was >4.0. Similarly, the
CH/HAp/SCGs composite system was also found to perform efficiently in pH higher than
4.0. The literature studies that employed SCGs as a bio adsorbent reported pH > 5.0 as
an optimum pH for metal ion removal using the SCGs as an adsorbent for metal
cations®2°%3,

The literature discussed above and in earlier sections (referred to the batch experiments
of the "effect of solution pH on cation adsorption” in sections 5.1.1.2 & 5.1.2.2) indicates
that a pH range of > 4.0 is favourable for the availability of functional groups on the
surface of chitosan and HAp part of composites. Similarly, the availability of
binding/adsorption sites on carbonaceous-part of adsorbents (such as chitosan, coir fibre
and SCGs) for metal cation adsorption affects the surface charges on functional groups®**
by controlling the protonation and deprotonation of the active sites of the adsorbents in
the solution. For instance, the deprotonation of carboxylic groups (COO") found in
carbonaceous materials (such as in SCGs) occurred at pH > 4.0 to provide adsorption sites
for metal cation adsorption®2°>%27, Moreover, the excess of metal ions in the solution at pH
4.0-5.0 further enhances the adsorption of cations on these composites, as supported by
the literature®7525°% So in line with the CH/HAp (control) composites and the
CH/HApP/CF composites, the pH range of 4.0-5.0 was considered optimum for cation
adsorption on the CH/HAp/SCGs composites.

Table 5-17 also presents the AAS data showing the effect of initial solution pH in
chromate solutions exposed to 0.01 g of adsorbent doses of the CH/HAp/SCGs
composites on chromate ion adsorption on the CH/HAp/SCGs composites. Overall, the
observations indicate that the acidic/low pH favours chromate ion adsorption on such
composite systems and can be attributed to the factors discussed earlier, such as the
speciation of chromate as HCrO4~ and CrO4% at pH <5.0%° to favour its interaction with
protonated amino groups (NHs") on the chitosan and positively charged species on HAp
surface (see 5.1.1.1 & 5.1.1.2) by electrostatic interactions. Additionally, a report on
chromate adsorption on SCGs®® states that the decrease in removal of chromate ions with

increasing pH is due to the deprotonation of active sites (hydroxyl and carbonyl groups)
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at pH >5.3 and abundance of negative ions in solution (e.g. OH and COO") which may
create competition for these anions adsorption>°2°%,

The trend of better chromate ion adsorption at low pH (<5.0) agrees with other published
studies for the adsorption of chromate ions on coir fibre, activated carbons or chitosan-

based composite systems and SCGs based composite systems30:501536,555

5.1.3.3 Effect of the initial metal ion concentration on metal ion removal by the
CH/HAp/SCGs composites

Experimental: Initial metal ion concentration was varied between 10 ppm and 50 ppm
(for Cd?* and Pb?* and chromate ions) and between 5 ppm and 25 ppm (for Cu?*) for a
constant adsorbent dose of 0.01g, while the initial solution pH was 4.5-5.5 for evaluating
the effect of initial sorbate concentration of the solution on metal removal. Further, the
data recorded using AAS in this experiment were used to study the adsorption mechanism
by fitting adsorption models (non-linear Langmuir and Freundlich for cations and
linearised adsorption models for chromate ions, discussed in the upcoming section) by
using the same methods as have already been described for the control composite systems.
Results: Table 5-18 shows the AAS data, presenting the effect of the initial metal ion
concentration on Cd?* adsorption on the CH/HAp/SCGs composites. The results are also
exhibited in Figures 4-73 to 4-76 (Appendix 4).

There was a gradual decrease in removal efficiency of the CH/HAp/SCGs composites
with increased metal ion concentration observed. At the same time, the adsorption
capacity (ge in mg g) of the composites was noted to increase with increasing the metal
ion concentration in solution when exposed to a constant adsorbent dose of 0.01 g.
Relatively better adsorption of cations (Cd?*, Cu?*, Pb®*) on the CH/bHAp/SCGs
composites agrees with the observations recorded earlier for the bHAp-based composites
systems. This observation further strengthens the better removal efficiency of bHAp-
based composites in this study. It could be attributed to the availability of the higher
surface area in the CH/bHAp/SCGs composites than the CH/cCHAp/SCGs composites
resulting in a good performance of bHAp-based composite in the metal ions removal
mechanisms. The CH/HAp/SCGs composites were extremely heterogeneous as their
grain sizes (average) varied from 20 m?/kg to 78 m?/kg, as recorded using the Mastersizer
particle size analyser (Appendix 3, Figure G & H). This could be attributed to the

218



heterogeneous nature of the components (like the SCGs) that constituted the composites.
It could also have an impact on the adsorption of the metal ions and can cause irregular

trends recorded for the removal of the metal ions by the CH/HAp/SCGs composites.

Table 5-18: The effect of the initial metal ion concentration on the adsorption of different
metal ions on the CH/HAp/SCGs composites in a single-metal ion type solution system

The removal (%) of metal ions using the CH/HAp/SCGs composites

Metal ion concentrations (ppm)  10.0 200 30.0 40.0 50.0
cdg CH/cHAPp/SCGs 40.48 3421 2816 2282 1887
CH/bHApP/SCGs 44.82 3755 29.60 24.36 20.03
Metal ion concentrations (ppm)  10.0 20.0 30.0 40.0 50.0
Pb** CH/cHAP/SCGs 78.51 57.84 4571 3871 33.59
CH/bHApP/SCGs 79.79 64.60 58.26 49.67 41.87
Metal ion concentrations (ppm) 5.0 100 15.0 20.0 25.0
Cu* CH/cHAPp/SCGs 40.30 31.36 24.12 20.14 16.30
CH/bHApP/SCGs 57.93 4269 35.09 29.71 25.11
Metal ion concentrations (ppm)  10.0 20.0 30.0 40.0 50.0
Cras chromate ions ~ CH/cHAp/SCGs 56.62 50.54 4451 39.49 37.46
CH/bHApP/SCGs 54.60 5153 46.00 39.56 36.76
The adsorption capacity (in mg g!) of the CH/HAp/SCGs composites for different metal ions
Metal ion concentrations (ppm)  10.0 200 300 40.0 50.0
Cd CH/cHAp/SCGs 8.10 13.68 16.90 18.26 18.87
CH/bHApP/SCGs 8.96 15.02 17.76 1949 20.03
Metal ion concentrations (ppm)  10.0 20.0 30.0 40.0 50.0
Pb** CH/cHAp/SCGs 15.70 23.14 2743 3097 3359
CH/bHApP/SCGs 15.96 25.84 3496 39.73 4187
Metal ion concentrations (ppm) 5.0 10.0 15.0 20.0 25.0
Cu* CH/cHAP/SCGs 4.03 627 724 806 815
CH/bHApP/SCGs 5.79 854 1053 11.89 1255
Metal ion concentrations (ppm)  10.0 200 300 40.0 50.0
Cras chromate ions ~ CH/cHAp/SCGs 5.66 10.11 1335 1580 18.73
CH/bHApP/SCGs 5.46 10.31 13.80 15.83 18.38

The maximum adsorption of Pb?" was recorded at 50 pm, which was 33.58 mg g and
41.87 mg g on the CH/cHAp/SCGs and CH/bHApP/SCGs composites, respectively. The
highest removal (%) = 80 %, was recorded at 10 ppm for both the composites. The Pb%*
adsorption is higher (about double) on the CH/HAp/SCGs composites than Cd?*, as
evident from the comparison of the removal (%) values of Pb?" and Cd?" ions by
adsorption on the CH/HAp/SCGs composites (Table 5-18), when a 0.01 g adsorbent dose
of the composites is exposed to 10 ppm solution of Pb?* or Cd?*. It again implies the better

adsorption of Pb?* ions than Cd?* ions on these composite systems due to the already
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mentioned chemical characteristics of Pb?* ions, which enable it to better adsorb on the
HAp-part of the composites by ion-exchange mechanisms (with Ca?" ions) and
electrostatic attractions (with negatively charged phosphates and hydroxy! groups).
Several mechanisms simultaneously assist these cations removal from solution on such
complex adsorption systems, as discussed previously in earlier sections of this study.

To understand the adsorption behaviour of cations on the CH/HAp/SCGs composites
system, the batch experiment data of this experiment was evaluated using non-linear
adsorption isotherm models for Langmuir and Freundlich type adsorption (as described
in earlier sections of this study) and discussed in the upcoming section.

Similar to cation removal using the CH/HAp/SCGs composites, a continuous increase in
adsorption capacity (mg g*) of both the composites for chromate adsorption with
increasing metal ion concentration from 5 ppm to 25 ppm is attributed to the availability
of more metal ions to sorb on a fixed number of active sites of 0.01 g of the adsorbent at
all concentrations. In comparison, a continuous decrease in removal efficiency (%)
corresponds to the availability of more metal ions to sorb on a limited number of active
sites to remove metal ions. The maximum adsorption ~18 mg g* for both the composites
was measured at 25 ppm concentration of chromate ions in solution. The maximum
removal (%) of chromate ions was measured at 5 ppm concentration and ranged between
54 to 56% for both the composites. Both the composites showed comparable removal
efficiencies at all the ion concentrations studied in this batch experiment. The maximum
difference between the removal efficiencies of the two composites is less than 1%. To
understand the removal mechanism and estimate the maximum adsorption capacity (Qmax
mg g1) of this composites system, the AAS data collected in this experiment was further

analysed using adsorption models as has been done in other systems.

5.1.3.4 Adsorption modelling of the CH/HAp/SCGs composites for the adsorption of

metal ions

Experimental: The experimental results of metal ion adsorption on the CH/HAp/SCGs
composites were tested against non-linear Langmuir and Freundlich isotherms as
described earlier (section 5.1.1.4) and presented in Figures 4-77 to 4-84 (Appendix 4).

Results: The calculated isotherm parameters for two adsorption models for metal ion

adsorption on all the CH/HAp/SCGs composites are given in Table 5-19.
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Table 5-19: Adsorption isotherm parameters for metal ions (Cd?*, Pb?* and Cu?‘and
chromate) adsorption on the CH/HAp/SCGs composites

Adsorption

Metal ions Isotherms Langmuir Freundlich
Parameters Omax (Mg g) Kt R R. 1Un Keg(mgg?! R?
Cd?* CH/cHAp/SCGs 24.62 0.09 099 0.21 0.39 475 0.93
CH/bHApP/SCGs 25.46 0.11 099 0.19 0.36 5.65 0.93
pp2* CH/cHAp/SCGs 34.69 0.31 093 0.09 0.28 12.75 1.00
CH/bHApP/SCGs 49.09 0.19 098 0.15 0.35 13.37 0.97
cu?* CH/cHAp/SCGs 9.99 024 099 0.17 033 311 0.95
CH/bHApP/SCGs 14.57 029 100 0.16 0.35 4.63 0.99
Chromate CH/cHAp/SCGs 27.17 0.12 100 035 059 370 0.99
CH/bHApP/SCGs 31.34 0.09 100 040 0.61 357 0.97

The comparison of R? values of non-linear Langmuir and Freundlich models revealed that
the Langmuir isotherm model was the best-fitted model for explaining the adsorption of
Cd?" and Cu?* on the CH/HAp/SCGs composite with R?> 0.98. The Langmuir isotherm
model fitted to these cation adsorption data for the CH/HAp/SCGs composites suggested
a monolayer adsorption model for cations on a homogeneous adsorbent surface*.
However, the surface of these composites is highly heterogeneous, so the data could be
analysed further by using another adsorption model such as the Sips isotherm, which is
used to describe the adsorption behaviour on heterogeneous surfaces.

In contrast, the Freundlich isotherm model better fit the Pb?* adsorption data on the
CH/cHApP/SCGs composites, with the goodness of fit R? value closer to unity than the
Langmuir isotherm model (R? >0.93). The Langmuir and Freundlich are equally fit for
describing adsorption on the CH/bHAp/SCGs composites, with R? values ranging from
0.972-0.973. Similarly, the Freundlich adsorption isotherm is also showing a good fitting
with R? values from 0.94-0.99 being obtained (for Cu?* adsorption) and >0.90 for Cd?*
adsorption. These findings indicate a complex adsorption mechanism involved in metal
ion adsorption on CH/HAp/SCGs as the surface morphology of these composites did not
show the homogenised surface to provide the adsorption sites. So, the Langmuir model
could not alone describe the adsorption behaviour. The cation adsorption could be
considered to follow the range of behaviours while being adsorbed on these composites.
The adsorption of these metal ions on the CH/HAp/SCGs composites could be explored

further to confirm the removal mechanism of the composites using more complex
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adsorption models (such as Sips), which deal with the heterogeneous adsorption
mechanisms.

The maximum adsorption capacity (gqmax mg g?) in relation to Cu?* adsorption on the
composites was 9.98 mg g and 14.57 mg g* (calculated using the Langmuir model) for
the CH/cHAp/SCGs and CH/bHApP/SCGs composites, respectively. Similarly, gmax (Mg
gl) of Cd** was 24.62 mg g* and 25.46 mg g* on the CH/cHAp/SCGs and the
CH/bHApP/SCGs composites, respectively, while the maximum adsorption capacity (qmax
mg g?') was estimated using the Langmuir model for Pb?* adsorption on the
CH/cHAPp/SCGs composite and the CH/bHAp/SCGs composite was 34.68 mg g and
49.09 mg g*, respectively. The higher Pb?* adsorption (gmax) than Cd?* on the
CH/HAp/SCGs composites confirms the observations of earlier composites systems
discussed in earlier sections (5.1.1.4 &5.1.2.4), which also presented better adsorption
capacity for Pb?* than Cd?* when these composites were exposed to single-metal ion type
ion solutions of Pb* or Cd?*.

The values of the dimensionless factor R. (calculated using equation 5-5) for metal ion
adsorption on the CH/HAp/SCGs composites given in Table 5-19 indicated a favourable
adsorption process as 0 < R < 1.

Several literature studies reported the fitting of Langmuir to describe the adsorption
behaviour of cation on spent coffee grounds (SCGs). For instance, Patterer et al.>>?
estimated the maximum adsorption (4.48 mg g*) of Cd?* on spent coffee grounds using
the non-linear Langmuir isotherm model, which is 6 times less than the estimated value
in the present study. Another study®® reported maximum adsorption of 15.65 mg g* of
Cd?* estimated using Langmuir isotherm when a 100 ppm solution was exposed to 3 to
24 g of adsorbent dose. In contrast to these literature studies, the present study presents
higher maximum adsorption (gmax) of the CH/HAp/SCGs composite (Table 5-19). It
indicated that the adsorption capacity of SCGs to adsorb metal ions could be enhanced
by synthesising its composites with other efficient adsorbents such as HAp.

Apart from the removal mechanisms (discussed earlier in section 5.1.1) on the CH/HAp
part of these composites, the metal complexation was reported as one of the prominent
mechanisms involved in metal cations removal using polyphenolic groups (from tannin)
of SCGs>>"°% (reactions are not explained in articles). The negatively charged carboxyl

and hydroxyl groups of SCGs could also participate in electrostatic interactions to adsorb
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265 Additionally, the presence of hydroxyapatite components

positively charged cations
in the CH/HAp/SCGs composites could enhance the removal efficiency of these bio-
adsorbents by providing the sites for an effective ion-exchange mechanism as described
in earlier sections.

As described above, linearized Langmuir and Freundlich isotherms were used in the
adsorption modelling of chromate ion adsorption on CH/HAp/SCGs composites by the
method described earlier in the CH/HAp (control) composite system (section 5.1.1.4).
The results of these calculations are presented in Table 5-19 (see above).

Table 5-20 shows the linearized Langmuir and Freundlich equation calculated with linear
fitting of the Langmuir and Freundlich isotherms using Microsoft Excel for chromate ion
adsorption on the CH/HAp/SCGs composites. The equations generated from these fits are

given as follows:

Table 5-20: The linearized equations calculated for chromate ion adsorption on the
CH/HApP/SCGs composites using linearised Langmuir and Freundlich isotherms

Composites Linearised Langmuir Equation Linearised Freundlich Equation
CH/cHAp/SCGs y = 0.3042x + 0.0368 (R2 = 0.9987) y = 0.594x + 1.3092 (R2 = 0.9933)
CH/bHApP/SCGs y =0.339x + 0.0319 (R2 = 0.9963) y =0.6124x + 1.2722 (R2=0.974)

Hence using the above equations, the Langmuir and Freundlich isotherms parameters
were calculated by the method described earlier in the CH/HAp composites (Section
5.1.1.4)

The comparison of R? values of both adsorption models reveals that both the Freundlich
and Langmuir adsorption isotherms were found to fit the data and suggested that the
adsorption of chromate ions a range of behaviours, including homogeneous and
heterogeneous surfaces. Though the Langmuir model R? values are relatively higher than
Freundlich (Table 5-19) for CH/HAp/SCGs composites and the Freundlich model also
shows a good fit with R?values of >0.97 being obtained from fits to data. Keeping in view
the complex nature of CH/HAp/SCGs, which exhibited highly heterogeneous surfaces
under the SEM images (Figure 3-19 & 3-20) and also exhibited heterogeneous-type
surface characteristics at the macroscopic level (visual characteristics), the data could be
explored by more complex adsorption models such as three-factor adsorption models (e.g.,

the Sips model).
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The maximum adsorption capacity (mg g*) of the CH/cHAp/SCGs composite and the
CH/bHApP/SCGs composite for chromate ion adsorption, as estimated by the Langmuir
isotherm model, is 27.17 mg g and 31.34 mg g, respectively, which is lying close to
the experimental values of chromate ion adsorption on the CH/HAp/SCGs composites.
The dimensionless factor R. of Langmuir isotherm also showed favourable adsorption of
chromate ions on both the composites as 0 <R <1.

The Freundlich isotherm parameter “1/n” value lies between 0 and 1, indicating
favourable adsorption of chromate ions on both the composites. As described earlier (in
Chapter 1), the 1/n factor of the Freundlich isotherm is also used to describe the
heterogeneity of the adsorption process in literature>*®°#, If the value of 1/n is higher for
one adsorbent than the other, it means the adsorption is occurring on a more
heterogeneous surface®’. For chromate ion adsorption on the CH/HAp/SCGs composites,
the value of 1/n is similar for both the CH/HAp/SCGs composites (=0.6), implying that
the chromate ion adsorption is occurring on a similar heterogeneous surface of the
CH/HApP/SCGs composites.

Loulidi et al. reported®® the Langmuir isotherm model as the best-fitted model to describe
the Cr(V1) adsorption on spent coffee grounds (SCGs)?*2. They estimated a maximum
adsorption capacity (mg g*) of 42.9 mg g%, using the Langmuir isotherm model, at an
adsorbent dose of 2.5 g exposed to 100 ppm chromate ions solution. In the present study,
the estimated value of chromate ion adsorption on the CH/HAp/SCGs composites ranges
from 29-31 mg g for 0.01 g of adsorbent dose of composite exposed to 5 ppm-25 ppm
chromate ions solution. The lower adsorption capacity of the CH/HAp/SCGs for
chromate ions than the estimated value of chromate ion adsorption on raw SCGs in the
mentioned literature study could be attributed to the higher adsorbent dose of adsorbent
(2.5 g) employed in the literature study, as it has been discussed earlier that the adsorption
capacity is dependent upon the sorbate molecules providing the binding sites for the
removal of the metal ions. Another study®® reported 10.2 mg g* as the maximum
adsorption capacity of SCGs for the chromate ions, estimated using the Langmuir
adsorption isotherm, using 0.1g of SCGs. In contrast, in the present study, the estimated
maximum adsorption capacity of the CH/HAp/SCGs is higher for the chromate ions,
using ten times less adsorbent dose (0.01 g) of adsorbent. It indicated that the addition of

HAp could enhance the adsorption capacity for chromate removal from aqueous solutions
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when the SCGs are used to form a composite with HAp (as shown by the CH/HAp/SCGs
composites).

Several studies®®®>* reported the Freundlich isotherm model as the best-fitted model to
describe the chromate adsorption on spent coffee grinds based adsorption systems,
indicating a heterogeneous nature of adsorption for chromate ions on these adsorbents. In
the present study, the Freundlich isotherm shows a suitable fitting (R?=0.97-0.99).
Considering the findings of the literature studies and the nature of the CH/HAp/SCGs
composites, the Freundlich isotherm model could be regarded as a more suitable model
than the Langmuir isotherm model to demonstrate the nature of chromate ion adsorption
on this heterogeneous composite system. However, the empirical nature of the Freundlich
model does not support its applicability. So, other models dealing with heterogeneous
adsorption could be used to study the adsorption of the chromate ions on the
CH/HApP/SCGs composites.

5.1.3.5 Comparison of the maximum adsorption capacities of the CH/HAp/SCGs
composites and CH/HAp (control composites) for metal ion adsorption as

estimated by the Langmuir isotherm model

The comparison of the maximum adsorption capacities (gmax in mg g*) of the control and
CH/HAPpP/CF composites, estimated by Langmuir for metal ions adsorption studied, is
presented in Table 5-21.

Table 5-21: Comparison of adsorption capacities (qmax mg g*) of the CH/HAp (control) and
CH/HAp/SCGs composites as estimated by the Langmuir isotherm model

Composites Cad?* Pb? Cu? Chromate ions
CH/cHAp 24.33 52.42 15.91 45.04
CH/bHAp 33.93 90.13 23.67 34.72
CH/cHAp/SCGs 24.62 34.69 9.99 27.17
CH/bHApP/SCGs 25.46 49.09 14.57 31.34

Table 5-21 illustrated the estimated adsorption capacity (in mg g*) of the CH/HAp/SCGs
for metal ions adsorption was lower than the control composites systems, which could be
attributed to the blockage of the adsorption sites on the HAp-part of the composites in

particular leading to a reduction in the adsorption ability of the composites.
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5.1.3.6 Effect of contact time on metal ions removal by the CH/HAp/SCGs composites

Experimental: The effect of contact time on metal ions removal (%) studied by the
CH/HAp/SCGs composites was measured using different experimental conditions for
each metal ion by varying the contact time between 1 minute and 120 minutes. A 0.05 g
dose of adsorbent was used for Cd?* and Pb?* (50 ppm) and Cu?* (50 ppm) adsorption in
a single-metal ion type solution system. In comparison, 0.01 g of the dose was exposed
to 25 ppm chromate solution to measure the effect of time on the chromate adsorption on
the CH/HAp/SCGs composites.

Results: Table 5-22 (Figures 4-85 to 4-88, Appendix 4) presents the AAS data recorded
for the effect of contact time on metal ion removal (%) using the CH/HAp/SCGs
composites. A similar trend of rapid metal ion adsorption in the initial 1-30 minutes was
observed and aligns with observations recorded earlier for control composites. The rapid
increase in removal efficiency over the period of 1 to 30 minutes contact time could be
attributed to the excess availability of active sites (-NH;, -OH, -COO" and -PO.*) at the
beginning of the adsorption process, which gradually saturates and reaches equilibrium
at 120 minutes.

Table 5-22: The effect of the contact time on the adsorption (% removal) of metal ions on

the CH/HAp/SCGs composites system from a single metal ion type solution system

Contact Time (minutes) 1 2 3 4 5 10 15 30 60 120
Cd CH/cHAp/SCGs  10.60 14.84 20.01 2446 26.40 3293 41.13 5476 60.12 67.87
CH/bHAp/SCGs  19.53 24.48 26.49 36.06 38.69 42.16 45.08 5858 65.04 77.99
CH/cHAp/SCGs 2434 28.45 33.90 34.06 4209 57.47 66.37 8534 97.58 97.59
Pb2+
CH/bHApP/SCGs 1571 2533 28.95 31.37 3923 50.47 71.64 9589 97.81 97.99
Cuz CH/cHAp/SCGs  7.02 953 13.01 16,51 1757 3215 4258 59.15 64.04 81.18
CH/bHAp/SCGs  6.43 1353 184 19.19 2374 35.09 43.04 68.06 76.29 89.73
Chromate CH/cHAp/SCGs  18.67 20.83 21.32 2255 2274 2370 36.11 36.25 36.36 36.40
CH/bHAp/SCGs  13.89 19.78 19.89 22.03 22.10 23.28 36.3 36.64 36.65 36.56

The adsorbents reached adsorption equilibrium in 120 minutes, illustrating the saturation
of active sites on the adsorbent surface and achieving 67% and 97% cations (Cd**, Pb**
and Cu?") removal for the CH/HAp/SCGs composite. Relatively better removal of the
CH/bHAp/SCGs than CH/cHAp/SCGs aligns with the observations recorded in earlier
batch experiments conducted using the CH/HAp/SCGs composites for the removal of

cations (see above).
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For the chromate ions, the composites achieved maximum removal % (=36%) within 15
minutes of contact time with the solution. This was also the adsorption equilibrium time
for the CH/HAp/SCGs composites for chromate ion adsorption, as no further change in
the removal (%) was recorded after 15 minutes. The rapid saturation of the binding sites
on the adsorbent surface is attributed to the high affinity of chromate anions for the
surface adsorption sites. The high affinity of chromate ion could be due to the availability
of excess binding sites on the adsorbent surface for chromate anion adsorption. The
relatively lower removal efficiency (only 36 %) of both the composites (as compared to
cations removal, Table 5-22) could be due to the anionic nature of the chromate ion
species present in the solution, which limits its adsorption on negatively charged
adsorption sites which would dominate the surface of CH/HAp/SCGs composites in the

pH range (5.0-6.0) of this experiment.

5.1.3.7 Kinetic modelling for metal ions (Cd?*, Pb?*, Cu?* and chromate ions)

adsorption on the CH/HAp/SCGs composite systems

Kinetic modelling of metal ion adsorption on the CH/HAp/SCGs composites was
performed with testing done for non-linear pseudo-first-order (PFO) and pseudo-second-
order (PSO) kinetics using the non-linear regression method as described earlier in the
control composites section (for detail see appendix 1.3).

Results: The calculated kinetic model parameters for metal ion adsorption are given in
Table 5-23. The comparison of coefficient of determination values (R?) of PFO and PSO
kinetic models showed that the PSO kinetic model is the best-fitted model with greater
R? than PFO kinetic model for metal ion adsorption onto both composite systems. The
PSO kinetic model fitting the experimental data of metal ion adsorption on the
CH/HAp/SCGs composites indicating the rate-limiting step for metal ions on these
composites is chemisorption®®. These observations are in line with the findings of the
control composites, illustrating the chemisorption is a rate-limiting step of the metal
adsorption on these HAp-based composites. The finding is in good agreement with the
adsorption literature, which has shown the PSO kinetics to apply for metal cations (such
as Cd?* and Pb?*) adsorption on the composites made from chitosan hydroxyapatite, and

lignocellulosic fibreg83111:368.483
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Table 5-23: The parameters calculated for metal ion adsorption on the CH/HAp/SCGs

composites based on each kinetic model fitted.

Metal Kinetics Model PFO PSO

ions Parameters ki(min) ge(mgg?) R? k2 (@ mg*min') ge(mgg?l) R2

cd?* CH/cHAp/SCGs 0.08 12.99 0.96 0.01 14.65 1
CH/bHApP/SCGs 0.33 17.69 0.81 0.01 15.13 0.99

Pp2* CH/cHAp/SCGs 0.11 18.56 0.93 0.01 20.78 0.99
CH/bHApP/SCGs 0.09 19.61 0.97 0.01 22.19 0.99

cu?t CH/cHAp/SCGs 0.01 17.5 0.92 0 27.52 0.97
CH/bHApP/SCGs 0.01 16.65 0.93 0 23.67 0.97
CH/cHAp/SCGs 0.35 16.84 0.56 0.03 18.06 0.98

Chromate  CH/bHAp/SCGs 0.27 17.36 0.75 0.02 18.74 0.99

The chemisorption of metal ions on the CH/HAp/SCGs composites could occur through
the functional groups of chitosan, HAp, and SCGs as described earlier in the batch
experiment "the effect of adsorbent dose" above. Metal chelation by the electron-donating
groups of chitosan (-NHz), polyphenolic groups of SCGs and hydroxyl groups of all three
components of CH/HAp/SCGs composites could be involved in the chemisorption of
metal ions on these composites®!®®>’, Additionally, another mechanism such as ion
exchange between Ca?* (of HAp) and cations, surface adsorption via electrostatic
interactions between positively charged metal cations and negatively charged species (-
OH-, -POs*, COO) on the surface of the CH/HAp/SCGs composites, simultaneously
could be involved in metal removal using such complex composite systems.

The calculated adsorption capacity (dein mg g*) calculated by the PSO kinetic model was
14.65 mg g* (CH/cHAp/SCGs) and 15.13 mg g (CH/bHAp/SCGs) for Cd?* , 20.78 mg
gtand 22.19 mg g* for Pb?* and 27.51 mg g* (CH/cHAp/SCGs) and 23.67 mg g™
(CH/bHAPp/SCGs) for Cu?*,

The comparison of the coefficient of determination values (R?) from the PFO and PSO
kinetic models showed that the PSO kinetic model is the best-fitted model with a higher
R? (>0.98) than that calculated for the PFO kinetic model for chromate ion adsorption on
both composite systems. The calculated adsorption capacity (qmax in mg g*) of chromate
ions (related to the adsorbent dose) by the PSO kinetic model was ~18 mg g™ for both the
CH/HAp/SCGs composites. The fitting of the PSO kinetic model to the data relating the
chromate ion adsorption on the CH/HAp/SCGs composites confirms that the
chemisorption mechanism was the rate-limiting step for chromate ion adsorption using

this composite.
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5.1.4 Experiments involving the removal of metal ions by the
CH/HAp/zeolite composites (commercial & bovine-derived) from the

single-metal ion type solution system

The chitosan/HAp/zeolite (CH/HAp/zeolite) composite (a three-component component
composite system) was synthesised by adding zeolite (mordenite) to the CH/HAp
composite. Like the control composites and the three-component composite systems
discussed in earlier sections (5.1.1-5.1.3), the spectroscopic and microscopic
characterisation of the CH/HAp/Zeolite composites was done and comprehensively
described in chapter 3 (section 3.4.4)

In the three-component composite systems discussed earlier in this study, hydroxyapatite
was the dominant component, as evident by the characterisation of the composite systems
in Chapter 3. The HAp part contributed about 40-50% of the composites' total mass (as
estimated by the TGA analysis) in CH/HAp, CH/HAp/CF, and CH/HAp/SCGs
composites. The remaining part (50-60%) of the total mass of composites was assumed
to be made up of an inorganic component (that was HAp) in these composites. For
instance, in the CH/HAp/CF and CH/HAp/SCGs composite systems, it was assumed by
the TGA analysis of these composites (see sections 3.4.14, 3.4.2.4 &3.4.3.4) that about
40 % of the mass percentage were made up of one inorganic component (HAp). The
remaining 60% was made up of the other two constituents (Chitosan and CF and Chitosan
and SCGs in their respective composites).

In contrast, in the CH/HAp/Zeolite composites, the inorganic constituents (HAp and
zeolite) were making more than 60% of the mass of the composites. Both of these
constituents are well-known for their ion-exchange potential to remove metal ions from
the solution. Based on the composition of these composites, it could be assumed that these
composites would perform differently as those composites (studied in earlier sections)
were made up of only one constituent (HAp) with ion-exchange potential. At the same
time, this composite system has two components (HAp and zeolite), where the additional
component (zeolite) also has ion-exchange potential of its own. Hence, a better removal
ability from these composites relative to those studied earlier could be expected.
Different experimental parameters in batch experiments were studied for heavy metal

ions removal using CH/HAp/zeolite from solutions containing only one dissolved metal
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salt present (Pb?*, Cd?*, Cu?* and Cr as chromate ions) and discussed in the following

section.

5.1.4.1 Effect of adsorbent dose on metal ions removal by the CH/HAp/zeolite

composites

Experimental: The metal ion adsorption and removal (%) were measured at 0.01g to
0.05 g of the CH/HAp/zeolite dose for an initial metal ion concentration of 50 ppm (for
Cd?*, Pb?* and chromate ions) and 25 ppm (for Cu?*) and initial solution pH 4.5-7.0.
Results: The results are presented in Table 5-24 (Figures 4-97 to 4-100, Appendix 4). A
prominent trend of gradual increase in removal efficiency (%) and decrease in the
adsorption capacity (mg g*) of CH/HAp/zeolite composites was observed with an
increase in the adsorbent dose. It signifies that the removal efficiency of the adsorbent is
essentially dependent upon the adsorbent dose of the adsorbents, as it provides the binding
sites/adsorption sites for the removal of the adsorbates. The maximum removal of metal
cations was recorded at 0.05 g of adsorbent dose, i.e., about 84-86 % (Cd?"), = 93% (Cu?")
and > 97 % (Pb?*) for both the composites. In contrast, the maximum adsorption was
recorded at an adsorbent dose of 0.01 g (see Table 5-24).

The CH/bHAp/zeolite composite showed relatively better adsorption of Cd?* ions with a
maximum adsorption capacity of 25.80 mg g at 0.01 g of adsorbent dose. The
CH/cHAp/zeolite achieved 20.10 mg g adsorption of Cd?*for an equal dose of adsorbent,
which aligns with the observations recorded in the composite systems studied earlier in
the present study, where the bHAp-based composites showed a better removal efficiency
for cations (Cd?*, Pb?* and Cu?*) than cHAp-based composites. It could be deduced from
these observations that the presence of bHAp plays a role in the better adsorption ability

of composites than cHAp, as observed in all the composites systems of this study.
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Table 5-24: The effect of the adsorbent dose on the removal efficiency (%) and adsorption
capacity (mg g*) of the CH/HAp/zeolite composites for the adsorption of the metal ions in
the single-metal ion type solution systems

The effect of the adsorbent dose on removal (%) of metal ions using the CH/HAp/zeolite composites

Dose 0.01 0.02 0.03 004 005
Cd> 20.10 39.89  56.34 69.95 84.63
. Pb* 54.21 9424 9461 97.47 97.97
CHcHAp/zeolite ., 31.00 61.02  79.56 88.85 93.29
Cr (as chromate ions) 13.31 15.54 17.22 18.89 19.81
C 25.80 4662  63.70 7753 86.92
. Pb* 67.23 9451  96.32 97.96 98.07
CHibHAp/zeolite .. 33.99 64.08 8243 9237 9387
Cr (as chromate ions) 13.25 14.71 15.85 16.94 18.12

The effect of the adsorbent dose on the adsorption capacity (in mg g?) of the CH/HAp/zeolite
composites with respect to the metal ions adsorbed

Cd>* 20.10 19.95  18.78 17.49  16.93

_ Pb* 54.21 4712 3154 2437 19.59
CH/cHAp/zeolite (o 15.50 1525  13.26 1111 9.33
Cr (as chromate ions) 6.65 3.88 2.87 236 198

Cd> 25.80 2331 21.23 10.38  17.38

. Pb* 67.23 4726 3211 2449  19.61
CHIbHAp/Zeolite .. 17.00 16.02 13.74 1155 9.39
Cr (as chromate ions) 6.63 3.68 2.64 212 1.81

Alternatively, this slight difference in the adsorption abilities of the CH/cHAp/zeolite and
CH/bHAp/zeolite composites could be due to the heterogeneity of the adsorbent dose
(sample) exposed to the Cd?* ions solution, as the grain size is a significant factor to affect
the available specific surface area for the effective adsorption of adsorbate molecules.
Keeping in view the overall observations of the present study for the better removal ability
of bHAp-based composites for removing the metal cations, the better adsorption of the
CH/bHAp/zeolite could be attributed to the bHAp part of the composite. The maximum
adsorption (mg g) of the CH/HAp/zeolite composites recorded experimentally for Cd?*
ions removal is higher than all the composite systems studied in earlier sections (see
earlier sections for reference), which indicates a positive effect of the presence of zeolite
with HAp in these composites. This could be attributed to the ion exchange between the
Cd?* and cations of zeolite and HAp.

Similar to Cd?* adsorption, the CH/bHAp/zeolite showed better adsorption for Pb?* than
CH/cHAp/zeolite at a lower adsorbent dose (0.01 g); however, it becomes comparable at
0.02-0.05 g of the adsorbent dose ranging between 87-98%, indicating an equal tendency
of both the composites for Pb?" adsorption at the relatively higher dose (0.05 g) of
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adsorbent. Similarly, both the composite showed an equal tendency for the adsorption of
Cu?* ions, as demonstrated in Table 5-24 (see above).

The adsorption ability of the CH/HAp/zeolites for Pb?* adsorption is about three times
higher (i.e., 54-67 mg g™* for Pb?* ions) than recorded earlier for the Cd?* adsorption (20-
25 mg g1) for the same adsorbent dose of the composites. It illustrates the preference for
Pb?* adsorption on the available binding sites of the CH/HAp/zeolite composites. It agrees
with the observations recorded in earlier sections, which also exhibited the better
adsorption of Pb?* ions than the Cd?* ions.

The ion exchange could be considered the fundamental mechanism (due to HAp and
zeolites) for the adsorption of metal cations using the CH/HAp/zeolite composites. The
Pb?* ions are better removed than Cd?* by the ion-exchange mechanism due to their
supporting physiochemical characters (such as electronegativity and ionic radius). So, the
higher adsorption of Pb?* ion on the CH/HAp/zeolites than the Cd?* adsorption could be
attributed to their better adsorption by the ion-exchange mechanism on the binding sites
of the CH/HAp/zeolites, particularly on the HAp and zeolites parts.

The HAp-part, as an important component of the CH/HAp/zeolite composites, can
participate in cations removal in several ways, including the ion exchange between Ca?*
and cations, metal-complexation by hydroxyl groups, electrostatic interactions between
phosphates and positively charged cations.

AAS data for chromate ion adsorption on the CH/HAp/zeolite composites is presented in
Table 5-24, showing a similar trend for the effect of adsorbent doses on chromate ion
adsorption removal on the CH/HAp/zeolite composites as recorded in cation adsorption
(above) and in earlier composite systems, illustrating a gradual increase in removal
efficiency and decrease in adsorption capacity (mg g) with increasing of the adsorbent
dose. The maximum removal (%) was extremely low (< 20%) for both the composites,
which is also lower than the removal efficiency (%) of the CH/HAp/zeolite composite for
the cations removal (see above) and the maximum adsorption capacity of the
CH/HAp/zeolite for the chromate ion adsorption was about 6 mg g recorded at 0.01 g
of adsorbent dose.

The adsorption of chromate ions on the CH/HAp/zeolite composite is lower than
chromate adsorption on the CH/HAp (control) composites (see section 5.1.1.1). It

demonstrates that the addition of zeolite into the CH/HAp (control) composites decreases

232



the removal efficiency of the CH/HAp composites for chromate ions adsorption. Contrary
to this, in the earlier sections of the CH/HAp/zeolite composites systems, the addition of
the zeolite into the CH/HAp composites exhibited a better removal efficiency for Cd?*,
Pb?* and Cu?* ions (see sections above). It is important to note that zeolite is well-known
for its ion-exchange abilities, so the addition of the zeolite could be considered to improve
the removal of cations (e.g., Cd?*, Pb?*and Cu?*) using the ion exchange mechanism by
the metal cations present in the structure of the zeolites. In contrast, chromate anions
could not easily be removed by this ion-exchange mechanism by zeolites. Instead, the
addition of zeolite could affect the chromate ion adsorption on the chitosan and HAp by
blocking the binding sites available by involving other possible mechanisms described
earlier (in Chapter 1, sectionl.6) for the adsorption of the chromate anions such as the
electrostatic interactions and metal chelation (section) to remove chromate ions, resulting
in a decrease in adsorption ability of the CH/HAp/zeolite composites.

The recordings mentioned above for the chromate removal on the CH/HAp/zeolite
composites align with the findings of the earlier discussed composite systems, showing
lower adsorption of chromate (anions) than the cations (Cd?*, Pb?* and Cu?*), similarly,
In the CH/HAp/zeolite composites system, the maximum adsorbent dose of 0.05 g
showed relatively less adsorption ability for the chromate ions (ranging between 15-35%)
than cations, e.g. Pb?*, Cd?* and Cu?*(ranging between 80-99%).

5.1.4.2 Effect of solution pH on metal ions removal by the CH/HAp/zeolite composites

Experimental: The effect of solution pH on metal ion adsorption (mg g?) on the
CH/HAp/zeolite was recorded by using solutions of different concentrations for different
metals. For instance, the pH was altered between 4.0 and 8.0 for the solution of Cd?* (50
ppm), which was exposed to 0.05 g of the CH/HAp/zeolite composites and kept on
stirring (using a magnetic stirrer) for two hours before the analysis of final concentrations
C. (mg g*) by AAS. Similarly, the effect of pH on Pb?* adsorption on the CH/HAp/zeolite
composites was examined via AAS measurements in only a pH range from 4.0 -5.8 using
a Pb?* ion solution of 50 ppm exposed to 0.01 g of the CH/HAp/zeolite composites.
Moreover, the effect of pH on Cu?* ion removal by the CH/HAp/zeolite composites was
studied in a narrow pH range of 4- 6.5 as selected for earlier composite systems. The

initial Cu?* ion concentration in solutions exposed to adsorbent was 25 ppm, and the
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adsorbent dose was 0.05 g. The influence of pH on the adsorption of chromate ion on the
CH/HAp/zeolite composites was studied over the pH range 4.0-8.0 using a solution with
an initial chromate ion concentration of 35.0 ppm was exposed to constant adsorbent dose
samples of 0.01 g.

Results: Table 5-25 shows the AAS data that changes the adsorption capacity (mg g™)
of the CH/HAp/zeolite composites for metal ions adsorption with changing the solution
pH. A similar change in metal ion adsorption was recorded, as noted earlier, for the
CH/HAp (control) composites and three-component composites (discussed in earlier
sections). This could be attributed to the reasons discussed in detail in earlier sections of
this study.

Cd?* adsorption was favoured at pH >5.0, which agrees with the observations recorded
for the earlier composite systems. Based on the recordings of this batch experiment and
the literature observations recorded for the similar composite®®®¢!, the pH 5.0-7.0 was
considered optimum for Cd?* adsorption using the CH/HAp/zeolite composites. Similarly,
the adsorption of Pb?" was maximum at pH 5.0, decreased slightly at >5.0 and increased
again when solution pH was >5.6. The decrease in Pb?" adsorption at a pH range of 5.0
<pH <5.5 to adsorb on binding sites of the composites was considered a primary reason
for this Pb?* decline®2, as mentioned earlier, and an increase in Pb?* removal at pH greater
than 5.6 was attributed to precipitation of Pb to convert into hydroxyl species of lead
such as Pb (OH)*, Pbs(OH)s>~ or Pb(OH). as milkiness in the Pb?" solution was
consistently observed in all the batch experiments conducted in this pH range (>5.5) in
all the composite systems of this study.

Further, the AAS results (Table 5-25) showed the effect of pH on Cu?* adsorption. A
similar trend of “no effect on the Cu?* ion adsorption by the changing of pH in the solution”
from 4.0 to 6.5 in both the composites was observed as recorded in all earlier studied
composite systems.

The observations for the effect of solution pH on chromate ion adsorption on the
CH/HAp/zeolite composites indicate that the acidic/low pH favours chromate ion
adsorption on such composite system as evident from Table 5-25, and attributed to the
earlier discussed factors (in earlier sections) such as the speciation of chromate*® as
HCrO4 and CrO4% at pH <5.0 to favour its interaction with protonated amino groups

(NHs") on the chitosan and positively charged species on HAp surface (see equations 5-
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4) by electrostatic interactions. The trend of better chromate ion adsorption at lower pH
values (<5.0) agrees with other published studies for the adsorption of chromate ions on

zeolite, chitosan/HAp composite systems and zeolite-based composite systesm>62°63,

Table 5-25: The effect of the solution pH on the adsorption capacity (in mg g*) of the
CH/HAp/zeolite composites for the adsorption of metal ions from solutions containing only
one type of metal ion

pH 4.0 5.0 6.0 7.0 8.0
Cd CH/cHAp/zeolite 16.28  17.02 17.27 17.26 16.92
CH/bHAp/zeolite 17.00 17.23 17.88 18.16 17.08
pH 4.5 5.0 5.5 6.0 6.5
Pb** CH/cHAp/zeolite 51.72  55.36 53.27 59.83 70.10
CH/bHAp/zeolite 62.05 74.03 70.40 73.85 76.03
pH 4 5 5.5 6 6.5
Cu? CH/cHAp/zeolite 9.5 9.5 9.4 9.4 9.43
CH/bHAp/zeolite 9.57 9.5 9.4 9.47 9.46
pH 4.5-5 5-5.5 6-65 7-7.5 8-8.5
Cr as chromate ions CH/cHAp/zeolite 1.37 1.32 0.99 0.70 0.64
CH/bHAp/zeolite 1.50 1.48 1.40 1.07 0.94

5.1.4.3 Effect of the initial metal ion concentration on metal ions removal by the

CH/HAp/zeolite composites

Experimental: For Cd?* and Pb?* ions adsorption on the CH/HAp/zeolite composites, the
initial metal ion concentration was varied between 10 ppm and 50 ppm for a constant
adsorbent dose of 0.01g, while the initial solution pH was 4.5-5.5 for evaluating the effect
of initial adsorbate concentration of the solution on metal removal.

The effect of initial metal ion concentration on Cu?* adsorption and chromate ions was
studied by exposing a constant amount of adsorbent (0.01 g) to metal ion solutions of
different initial concentrations between 5 ppm and 25 ppm at an initial solution pH of 4.5-
6.5.

Further, the data recorded using AAS in this experiment were used to study the adsorption
mechanism by fitting adsorption models (non-linear Langmuir and Freundlich adsorption
models for cations and linear adsorption model for chromate ions, discussed in the
upcoming section) by using the same regression method, as already been used for other

composite systems.
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Results: Table 5-26 (Figures 4-105 to 4-108, Appendix 4) shows the AAS data, presenting
the effect of the initial metal ion concentration on metal ion adsorption on the
CH/HAp/Zeolite composites. The metal ion adsorption on the CH/HAp/zeolite
composites exhibited a similar trend of increasing adsorption capacity and decreasing
removal efficiency (%) with an increase in initial metal ion concentration (from 10 ppm
to 50 ppm for Cd?* and Pb?* and 5 ppm to 25 ppm for Cu?* and chromate ions) as recorded
in earlier sections of metal adsorption on all the synthesised composite systems in the
present study.

The maximum removal (%) of Cd?* was 32.14% (CH/cHAp/zeolite) and 37.3 % for the
CH/bHAp/zeolite) recorded at an initial concentration of 10 ppm of Cd?*. At the same
time, the maximum adsorption capacity (ge mg g') was noted at 50 ppm of Cd?* solution
(19.6 mg gt and 22.2 mg g* on the CH/cHAp/zeolite and the CH/bHAp/zeolite composite,
respectively). The maximum adsorption of Cu?* (at an initial ion concentration of 25 ppm)
was 15.28 mg g* and 16.73 mg g*! on the CH/cHAp/zeolite composite and the
CH/bHAp/zeolite composite, respectively. Similarly, the maximum adsorption of Pb?*
was recorded at 50 ppm, which was 57.01 mg gland 72.26 mg g! on the
CH/cHAp/zeolite composite and the CH/bHAp/zeolite composites, respectively. The
highest removal (%) ~ 84-89 %, was recorded at 10 ppm for both the composites.

It has been discussed in earlier sections (see above) that several mechanisms
simultaneously assist cations removal from solutions on such adsorption systems.
However, a similar trend of higher Pb?* adsorption on the CH/HAp/zeolite composites
than Cd?* was recorded as evident from the comparison of removal (%) of Pb?* and Cd?*
on CH/HAp/zeolite composites (see Table 5-26). This study aligns with the observations
recorded, showing better Pb**ion adsorption than Cd?* ion adsorption on the CH/HAp-
based composite systems in the present study and also agrees with the similar trend in the
literature studies. The better adsorption of Pb?* than Cd?* on such composite systems is
attributed to the chemical characteristics of Pb?* as mentioned in earlier sections and is

discussed in detail in upcoming sections (section 5.2.2).
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Table 5-26: The effect of the initial metal ion concentration on removal (%) and the
adsorption capacity (in mg g*) of different metal ions adsorbed on the CH/HAp/zeolite
composites from a single-metal ion type solution system

The removal (%) of metal ions using the CH/HAp/zeolite composites

Metal ion concentrations (ppm) 10.0 20.0 30.0 40.0 50.0
Cd> CH/cHAp/zeoIi_te 32.15 29.04 27.77 2358 19.67
CH/bHAp/zeolite 37.30 32.45 29.37 25.88 22.21
Metal ion concentrations (ppm) 10.0 20.0 30.0 40.0 50.0
Pb* CH/cHAp/zeolite 84.39  80.39 7979 7068 57.10
CH/bHAp/zeolite 89.78 85.43 84.72 8246 72.26
Metal ion concentrations (ppm) 5.0 10.0 15.0 20.0 25.0
Cu CHI/cHAp/zeolite 67.90 61.23 4590 37.78 30.56
CH/bHAp/zeolite 68.32 67.19 55.57 42.18 33.46
Metal ion concentrations (ppm) 5.0 10.0 15.0 20.0 25.0
Cras chromate ions ~ cH/cHAp/zeolite 20.87 18.41 1449 11.31 10.33
CH/bHAp/zeolite 20.98 18.76667 1418 10.89 10.07
The adsorption capacity (in mg g*) of the CH/HAp/zeolite composites or different metal ions
Metal ion concentrations (ppm) 10.0  20.0 30.0 40.0 50.0
C CH/cHAp/zeoIi_te 6.43 1161 16.66 18.86 19.67
CH/bHAp/zeolite 7.46 12.98 1762 20.71 2221
Metal ion concentrations (ppm) 10.0  20.0 30.0 40.0 50.0
Pb* CH/cHAp/zeolite 16.88 32.15 4788 56.54 57.10
CH/bHAp/zeolite 1796 34.17 50.83 65.97 72.26
Metal ion concentrations (ppm) 5.0 10.0 15.0 20.0 25.0
Cu* CH/cHAp/zeolite 6.79 12.25 1377 1511 15.28
CH/bHAp/zeolite 6.83 13.44 16.67 16.87 16.73
Metal ion concentrations (ppm) 5.0 10.0 15.0 20.0 25.0
Cr as chromate ions ~ cH/cHAp/zeolite 209 3.8 435 452 516
CH/bHAp/zeolite 2.10 3.75 4.25 4.36 5.04

Relatively better adsorption of cation (Cd?*, Pb?*, Cu®") on the CH/bHAp/zeolite
composite could be attributed to the bHAp part of the composite, keeping in view the
observations recorded earlier for the bHAp-based composites system, which showed
better removal than cHAp-based composite in this study. The availability of more
binding sites on the CH/bHAp/zeolite composite than on the CH/cHAp/zeolite composite
could be considered the fundamental reason for its higher removal efficiency. And the
larger specific surface area of CH/bHAp/zeolite could be the foundation for providing
more binding sites to perform in metal removal mechanisms such as ion exchange and
metal-ligand complexation.

Similar to the adsorption behaviour of cations on the CH/HAp/zeolite composites, a

continuous increase in adsorption capacity (mg g™) of both the composites was recorded
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(Table 5-26) with increasing chromate ion concentration from 5 ppm to 25 ppm, which is
attributed to the availability of more metal ions to sorb on a fixed number of active sites
of 0.01 g of the adsorbent at all concentrations and a continuous decrease in removal
efficiency (%) corresponds to the availability of more metal ions to sorb on a limited
number of active sites to remove metal ions. The maximum adsorption ~5 mg g™ for both
the composites was measured at a 25 ppm concentration of chromate ions in solution. The
maximum removal (%) of chromate ions was measured at a 5 ppm concentration of about
20% for both the composites. Both the composites showed comparable removal
efficiencies at all the ion concentrations studied in this batch experiment. The maximum
difference between the removal efficiencies of the two composites is less than 1%.

To understand the removal mechanism and estimate the maximum adsorption capacity
(gmax mg g'1) of this composites system, the AAS data collected in this experiment was
further analysed using non-linearised and linearised adsorption models (Langmuir and
Freundlich) as has been done for chromate ion and cation adsorption modelling in other

systems of this study.

5.1.4.4 Adsorption modelling of the CH/HAp/zeolite composites for the adsorption of

metal ions

Experimental: The experimental results of cation adsorption on the CH/HAp/zeolite
composites were tested against non-linear Langmuir and Freundlich isotherms as
described earlier (section 5.1.1.4, 5.1.2.4 & 5.1.3.4). The chromate adsorption modelling
was done using the linear adsorption models using the method described earlier in control
composites. The best-fitted model was then decided from the comparison of the R? values
from two fitted models.

Results: The calculated isotherm parameters for two adsorption models for metal ions
adsorption on the CH/HAp/zeolite composites are given in Table 5-27, and models fitted
to the experimental data are presented in Figures 4-109 to 1-116 (Appendix 4).

The calculated isotherm parameters for two adsorption models for metal ions (all four
studied) adsorption on the CH/HAp/zeolite composites are given in Table 5-27. The
comparison of R?values of non-linear Langmuir and Freundlich models revealed that the
Langmuir isotherm model was the best-fitted model for explaining the adsorption of metal

ions on the CH/HAp/zeolite composite with R? of Langmuir adsorption model is higher
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than the R? of Freundlich model. Both Langmuir and Freundlich showed good fitting for
some composite systems. For instance, the Freundlich adsorption isotherm is showing
good fitting for Cd?* adsorption on the CH/HAp/Zeolite composite with R? value > 0.94,
Pb?* adsorption on the CH/bHAp/zeolite with R? > 0.91, and the chromate ion adsorption
on the CH/HAp/zeolite composites R? ranging between 0.91-0.94.

Table 5-27: Adsorption isotherm parameters for metal ions (Cd?*, Pb?* and Cu?‘and
chromate) adsorption on the CH/HAp/zeolite composites

Adsorption

Metal ions _Isotherms Langmuir Freundlich
Parameters gmax(Mgg?) Ko R? R. 1n  gmx(mgg?l R?
co CHI/cHAp/zeolite 33.22 0.04 098 0.38 0.56 2.66 0.94
CH/bHAp/zeolite 37.04 0.04 1.00 0.39 0.56 3.05 0.98
ph2+ CHI/cHAp/zeolite 72.49 024 095 0.16 0.36 20.72 0.84
CH/bHAp/zeolite 100.47 021 097 0.25 0.46 23.25 0.91
cutt CH/cHAp/zeolite 17.56 047 097 011 0.28 7.37 0.87
CH/bHAp/zeolite 20.11 047 090 0.11 0.27 8.51 0.74
Chromate CH/cHAp/zeolite 7.71 0.10 098 0.32 0.50 1.14 0.94
ions CH/bHAp/zeolite 7.27 0.11 0.97 030 0.47 1.21 0.91

The Langmuir isotherm model fitted to metal ion adsorption data for the CH/HAp/zeolite
composites suggested a monolayer adsorption model for metal ions on a homogeneous
adsorbent surface*®*. However, the SEM analysis exhibited a highly heterogeneous
surface of the CH/HAp/zeolite composites with deposited particles, so the data could be
analysed further by using other adsorption models such as the Sips isotherm used to
describe the adsorption behaviour on heterogeneous surfaces. (Plots for the Sips model
fitted to the experimental data are given in Appendix 4 (Figure 4-117 to 4-119).

Using the Langmuir model, the calculated gmax (Mg g*) of Cd?* was 33.21 mg g* and
37.04 mg g! on the CH/cHAp/zeolite and the CH/bHAp/zeolite composites, respectively.
Similarly, the maximum adsorption of Cu?* (at an initial ion concentration of 25 ppm)
was 15.28 mg g* and 16.73 mg g*! on the CH/cHAp/zeolite composite and the
CH/bHAp/zeolite composite, respectively. At the same time, the CH/HAp/zeolite
composites exhibited a higher adsorption tendency for Pb?* than Cd?* and Cu?* ions both,
with maximum adsorption (gmax Mg g?) of 57.01 mg g*and 72.26 mg g* on the
CH/cHAp/zeolite composite and the CH/bHAp/zeolite composites, respectively. This
observation aligns with the observations recorded, showing the greater degree of Pb?*ion
adsorption than Cd?* ion adsorption on the CH/HAp-based composite systems in the

present study and also agrees with the similar trend in the literature studies. The better
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adsorption of Pb?* than Cd?* on such composite systems is attributed to the chemical
characters of Pb?* as mentioned in earlier sections. The values of the dimensionless factor
R for metal ions adsorption on the CH/HAp/zeolite composites given in Table 5-27
indicated a favourable adsorption process as 0 < R < 1.

Several literature studies reported the fitting of the Langmuir isotherm model to describe
the adsorption behaviour of metal cations (e.g., Cd?*) on natural zeolites. For instance, a
study®®? estimated the maximum adsorption (25.9 mg g*) of Cd?* on natural zeolites using
the Langmuir isotherm model, which is less than the estimated value of a maximum
adsorption capacity of CH/HAp/zeolite composites for Cd?* adsorption in the present
study (Table 5-27). Another study®® recorded 13.4 mg g as the maximum adsorption
capacity (gmax) of natural zeolites when the Cd?* ion solution (1-10 mmol L) was
exposed to 1.0 g of adsorbent dose of natural zeolites. The estimated maximum adsorption
capacity of natural zeolites®®* was found to be less (approximately half) than estimated in
the present study for the Cd?* ion adsorption on the CH/HAp/zeolite composites. These
observations of the literature studies and the present study indicated that better adsorption
of the heavy metals could be achieved by making composites of natural zeolites with the
HAp.

The literature studies reported the ion exchange with metal cations (found in the of
sodium, calcium and magnesium zeolites) as a principal mechanism for removing metal
cations (such as Cd?*, Pb?") ions from the aqueous solution using the natural zeolites. The
metal removal could be enhanced by HAp addition which could assist in the ion-exchange
mechanism (by Ca?* ions) in the composites of HAp and zeolites. Additionally, chitosan
can also participate in other metal ion removing mechanisms discussed in earlier
composite systems, such as the metal-chelation by -NH> and -OH groups, to make it a
promising material for the heavy metal removal from the aqueous solutions.

Along with adsorption model parameters for the cation adsorption modelling, Table 5-27
also shows the parameters of linearized Langmuir and Freundlich isotherm calculated for
the chromate ion adsorption data recorded for the CH/HAp/zeolite composites. The
equations generated for chromate adsorption modelling from the linearised models fitted

using Microsoft Excel are given as follows.
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Table 5-28: The linearised equations calculated for chromate ion adsorption on the
CH/HAp/zeolite composites using linearised Langmuir and Freundlich isotherms

Composites Linearised Langmuir Equation Linearised Freundlich Equation
CH/cHAp/zeolite y =1.3488x + 0.1296 (R2 = 0.9833) y = 0.594x + 1.3092 (R2 = 0.9933)
CH/bHAp/zeolite y =1.2968x + 0.1375 (R2=0.9709) y =0.6124x + 1.2722 (R2=0.974)

The Langmuir and Freundlich isotherms parameters were calculated using the above
equations by the method described earlier in the CH/HAp (control) composites.

The calculated parameters for the systems tested and derived from both the adsorption
models are thus given in Table 5-27. Comparing R? values of both adsorption models
reveals that the Langmuir adsorption isotherms were the best fit to describe the adsorption
of chromate ions on the CH/HAp/zeolites and indicates the adsorption is occurring on a
homogeneous surface in a monolayer manner.

The maximum adsorption capacity (mg g*) of the CH/cHAp/zeolite composite and the
CH/bHAp/zeolite composite for chromate ion adsorption, as estimated by the linearized
Langmuir isotherm model, is 7.71 mg g* and 7.27 mg g, respectively, which is lying
close to the experimental values of chromate ion adsorption on the CH/HAp/zeolite
composites. The dimensionless factor R. of Langmuir isotherm also showed favourable
adsorption of chromate ion on both the composites as 0 <R_ <1.

The fitting of Langmuir to describe the chromate ion adsorption on the CH/HAp/zeolite
composites is in line with the observation recorded in the adsorption modelling of other
metal ion adsorption in this system (see the earlier section of the CH/HAp/zeolite
composites). It illustrates that the adsorption on the CH/HAp/zeolite composites occurs
on a homogeneous surface. This observation aligns with the adsorption modelling done
in the literature studies to describe the chromate ion adsorption on similar adsorbents (see
Table 1-8).

5.1.4.5 Comparison of maximum adsorption capacities of the CH/HAp/zeolite and the
CH/HAp (control composites) for metal ion adsorption as estimated by the

Langmuir isotherm model

The adsorption modelling of the CH/HAp/zeolite composites confirms the findings of

control composites which also exhibited the Langmuir as the best-fitted model to describe
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metal ion adsorption. The comparison of maximum adsorption capacities (qmax mg g*) of
control and the CH/HAp/zeolite composites, estimated by the Langmuir model for metal
ion adsorption, is presented in Table 5-29.

Table 5-29: Comparison of adsorption capacities (qmax mg g*) of the CH/HAp (control) and

CH/HAp/zeolite composites as estimated by Langmuir isotherm model

Composites Cd? Pb%* Cu? Chromate ions
CH/cHAp 24.33 52.42 15.91 45.04
CH/bHAp 33.93 90.13 23.67 34.72
CH/cHAp/zeolite 33.22 72.49 17.56 7.71
CH/bHAp/zeolite 37.04 100.47 20.11 7.27

Table 5-29 indicates the increase in the gmax of the CH/HAp composites (control) for the
adsorption of Cd?* and Pb?' after adding zeolites into CH/HAp to synthesise the
CH/bHAp/zeolite composites. It could be attributed to the availability of more active sites,
particularly the ion-exchanging sites for removing these ions from the aqueous solution
exposed to the CH/HAp/zeolite composites. The adsorption capacity of Cu?" is
comparable, which is not aligned with the trends recorded for the other two cations, and
this unusual trend of Cu?* could be associated with other experimental factors such as the
heterogeneity of the sample (grain size etc.), affecting the adsorption ability of the
composites.

Expectedly, the adsorption capacity (gmax) of the CH/HAp (control) composites decreased
for the chromate ion adsorption after the addition of zeolite into the composites, which is
attributed to the availability of fewer adsorption sites for the adsorption of chromate ions,
as the ion-exchange (particularly with cations) is considered the dominating mechanisms
for HAp and zeolite, which does not favour the adsorption of chromate ions on this

composite system.

5.1.4.6 Effect of contact time on metal ion removal by the CH/HAp/zeolite composites

Experimental: The effect of contact time on metal ion removal (%) by the
CH/HAp/zeolite composites was measured by varying the contact time between 1 minute
and 120 minutes. The adsorption was measured on a 0.05 g dose of adsorbent in 20 mL
of solution using an initial metal concentration of 50 ppm (of Cd?* and Pb?*) and 25 ppm
(of Cu?"). Similarly, the effect of contact time on chromate ion removal (%) on the
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CH/HAp/zeolite composites was recorded for a solution with an initial chromate ion
concentration of 25 ppm exposed to 0.01 g of composite adsorbent.

Results: Table 5-30 presents the AAS data recorded for the effect of contact time on metal
ions removal (%) using the CH/HAp/zeolite composites. A similar trend of rapid metal
ion adsorption in the initial 1-30 minutes was observed, as recorded earlier for the
CH/HAp (control) composites and attributed to the very obvious reason of excess

adsorption sites at the beginning of the adsorption process.

Table 5-30: The effect of the contact time on the adsorption of metal ions on the

CH/HAp/zeolite composites system from a single metal ion type solution system

Contact Time (minutes) 1 2 3 4 5 10 15 30 60 120
o CH/cHAp/zeolite 20.96 26.60 32.26 36.76 39.34 4843 5532 67.82 74.46 86.39
CH/bHAp/zeolite 30.47 36.18 40.00 42.65 44.34 5596 60.22 76.03 78.89 87.62
- CH/cHAp/zeolite 41.19 57.09 61.06 7231 75.64 91.06 92.75 93.25 93.32 93.32
CH/bHAp/zeolite 43.38 60.85 69.84 75.18 80.36 90.89 92.74 95.12 97.30 97.31
. CH/cHAp/zeolite 15.09 25.62 35.62 37.68 39.58 53.24 67.92 76.72 92.78 93.24
c CH/bHAp/zeolite 22.65 32.47 40.83 42.69 5232 67.42 67.89 9250 93.14 94.83
CH/cHAp/zeolite 10.12 10.39 12.24 13.64 1414 1433 14.83 1892 19.48 19.52
Chromate CH/bHAp/zeolite 13.12 13.70 13.86 15.02 16.16 16.62 17.10 17.20 18.36 19.20

The adsorbents reached adsorption equilibrium in 60 minutes for Cd?* adsorption,
illustrating the saturation of active sites on the adsorbent surface and achieving 85% and
87% Cd?* removal for the CH/cHAp/zeolite and the CH/bHAp/zeolite composites,
respectively. Similarly, maximum removal efficiency for both the composites tested was
calculated to be about 93-97% for Pb?* adsorption over the 2 hours of exposure time. The
optimum time for realising the highest Pb?* ion removal with the CH/HAp/zeolite
composites was found to be 60 minutes, as no prominent change in the removal efficiency
was recorded after 60 minutes. Both the composites showed comparable removal (%) of
Cd?* and Pb?" at 0.01-0.05 g of adsorbent dose, which agrees with the observations
recorded above for "the effect of adsorbent dose” on metal cation adsorption on the
CH/HAp/zeolite composites (Table 5-24). The similar adsorption capacities of the
CH/HAp/zeolite composites are attributed to the availability of excess adsorption sites at
0.05 g of adsorbent (optimum) dose.
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Both composite samples achieved about 40- 50% removal in just 5 minutes and reached
equilibrium (saturation of adsorbent) in 60 minutes with more than 92% Cu?* removal, as
no further change in removal (%) was recorded after 120 minutes for both the composites.
The rapid increase (similar to kinetics data observations of Cd?* and Pb?" in this
composite system) in removal efficiency over 1 to 15 minutes of contact time, indicating
about 67% removal, could be attributed to the excess availability of active sites (NH,
OH-, and PO+ and cationic species of zeolites ) at the beginning of the adsorption process,
which gradually saturates and reaches equilibrium at 60 minutes.

Similar to the Kinetics observations of cation adsorption on the CH/HAp/zeolite
composites, Table 5-30 shows that both the composites achieved maximum removal %
for the chromate ions (=20%) in solution within 120 minutes of contact time with the
solution. This was also the adsorption equilibrium time for the CH/HAp/zeolite
composites for the chromate ion adsorption. The rapid saturation of the binding sites on
the adsorbent surface occurred in 5 minutes, where the composites achieved about 14-
15 % removal, and additional 5% removal was achieved in the next 105 minutes. The
rapid adsorption in 5 minutes is attributed to the fast affinity of chromate anions and the
surface adsorption sites. The fast affinity of chromate anions could be due to the
availability of excess binding sites on the adsorbent surface for chromate anion adsorption.
The relatively lower removal efficiency (only 20 %) of both the composites (as compared
to cation removal) could be due to the anionic nature of the chromate ion species present
in the solution, as it has been recorded in all the batch experiments of this study, which
were conducted for chromate ion adsorption on the CH/HAp (control composites) and
other three-component composite systems. The anionic nature of chromate ions could
limit its adsorption on negatively charged adsorption sites which probably dominate the
surface of CH/HAp/zeolite composites in the pH range (5.0-6.0) of this experiment.

5.1.4.7 Kinetic modelling for metal ion (Cd?*, Pb?*, Cu?* and chromate ions) adsorption

on the CH/HAp/zeolite composite systems

Experimental: Kinetic modelling of metal ion adsorption on the CH/HAp/zeolite
composites was performed with testing done for non-linear pseudo-first-order (PFO) and
pseudo-second-order (PSO) kinetics using the non-linear regression method as described

earlier in the control composites section (for detail see appendix 1.3A).
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Results: Table 5-31 shows the calculated parameters of kinetic models fitted to the
experimental data of metal ion adsorption on the CH/HAp/zeolite composites.

The comparison of coefficient of determination values (R?) of PFO and PSO kinetic
models showed that the PSO kinetic model is the best-fitted model with a greater R? value
noted than that for the PFO kinetic model for metal ion adsorption on both composite

systems.

Table 5-31: The parameters calculated for metal ion adsorption on the CH/HAp/zeolite

composites based on each kinetic model fitted.

Metal Kinetics Model PFO PSO
ions Parameters ki(min') ge(mgg!y) R? ke(gmg?min!) qge(mgg?) R?
ca CH/cHAp/zeolite 0.13 15.83 0.90 0.01 17.39 1.00
CH/bHAp/zeolite 0.18 16.76 0.83 0.01 17.62 0.99
Ph2* CH/cHAp/zeolite 0.43 18.39 0.94 0.04 19.56 1.00
CH/bHAp/zeolite 0.48 18.74 0.95 0.04 19.95 1.00
cut CH/cHAp/zeolite 0.12 8.71 0.94 0.02 9.80 1.00
CH/bHAp/zeolite 0.17 8.95 0.93 0.02 9.92 1.00
CH/cHAp/zeolite 0.47 1.61 0.53 0.41 1.74 0.99
Chromate .
CH/bHAp/zeolite 0.88 1.65 0.54 0.80 1.75 1.00

The PSO kinetic model fitting the experimental data of metal ion adsorption on the
CH/HAp/zeolite composites, indicating the rate-limiting step for metal ions on these
composites is chemisorption®®. These observations align with the findings of control
composites, illustrating that the chemisorption is a rate-limiting step of metal ion
adsorption on these HAp-based composites.

The chemisorption of metal ions on the CH/HAp/zeolite composites could occur through
the mechanism involving the functional groups of chitosan, HAp, and zeolite. Metal
chelation by the -NHz and hydroxyl groups would be considered one of the fundamental
mechanisms for chemisorption of metal cations on CH/HAp/zeolite composites, as
mentioned in earlier composite systems discussed in this study. The ion exchange is not
considered a chemisorption mechanism, but it is discussed as chemisorption in the
broader perspective of metal adsorption processes. It has been mentioned that zeolite is
the dominating component of the CH/HAp/zeolite composite systems (referred to
characterisation of the composite). However, the ion exchange would be considered the
fundamental mechanism involved in the adsorption of cations by these composites,

mainly on the part of zeolite and HAp both.
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In all other composite systems discussed earlier in this study, the HAp was considered as
a dominating part of the composite systems to remove heavy metal ions as the addition
of the third component (like coir fibre, SCGs) did not improve the removal efficiency of
the CH/HAp (control) composites. In the CH/HAp/zeolite composites system, it was
realised while characterising the CH/HAp/zeolite composites (Chapter 3, section 3.4.4)
that the zeolite was dominating the HAp in the composites, as evident by the FTIR and
XRD analysis of the CH/HAp/zeolites composites (see section 3.4.4). It is signified
further by the findings of these batch experiments (mentioned above) that, unlike the other
three-component composite systems, adding the third component (zeolite) into the
CH/HAp composites improved the adsorption ability attributed to the zeolites. It has also
been described in the literature review (chapter 1, section 1.5) that zeolites are well-
known for ion-exchange mechanisms, so the increase in the ion-exchange ability of the
CH/HAp composites after the addition of zeolites could be a reason for the improved
removal efficiency of these composites.

For the chromate ion adsorption, the comparison of the coefficient of determination
values (R?) from the PFO and PSO kinetic models showed that the PSO kinetic model
is the best-fitted model with a higher R? (>0.98) than that calculated for the PFO kinetic
model for chromate ion adsorption on both composite systems. The calculated adsorption
capacity (gmax in mg g) of chromate ions (related to the adsorbent dose) by the PSO
kinetic model was ~1 mg g* for both the CH/HAp/zeolite composites. The fitting of the
PSO kinetic model to the data relating the chromate ion adsorption on the CH/HAp/zeolite
composites confirms that the chemisorption mechanism was the rate-limiting step for
chromate ion adsorption using this composite. The earlier observations of this study
demonstrate that the PSO kinetic model is the best-fitted model to describe the adsorption
behaviours of chromate ions on such composite systems.

The relatively lower adsorption ability of the CH/HAp/zeolite than the CH/HAp (control)
composites could be attributed to the relatively lower surface area of the CH/HAp/zeolite
than the CH/HAp (control), or it could be due to less availability of the adsorption sites
suitable for chromate anion adsorption, as it is composed of HAp and zeolites.
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5.1.4.8 Intra-particle diffusion kinetic model for the metal ion adsorption on the

CH/HAp/zeolite composites

It has been discussed in the literature review section of the zeolites (section 1.5.5) that the
zeolites are porous materials. Keeping in view the porosity factor of the CH/HAp/zeolite
composites, the kinetic data of the metal ion adsorption was further analysed using a third
model called the intra-particle diffusion model described in Chapter 1 (section 1.11.3),
which is applicable to porous adsorbents like zeolites.

The above-mentioned kinetics models (the PFO and PSO) do not recognise the diffusion
mechanism during adsorption on a porous adsorbent surface. For this, the kinetic model
(also given in chapter 1), including the square root of time, is employed to explain

diffusion called the intra-particle diffusion model (IPD) and given as:

Equation 5-9
qe = kgt +C

Where g is the amount of adsorbed metal ions (mg g) at the time “t”, C (mg g™) is the
interparticle diffusion constant equal to the intercept of the line, giving an insight into
adsorption boundary thickness, kq is intra-particle diffusion constant (mg g min?®°)
indicating the rate of adsorption®.

Generally, adsorption includes more than one step®%, such as boundary diffusion, which
involves the rapid transport of the sorbate molecule into the water film surrounding the
adsorbent surface (Step 1), followed by sorbate diffusion to the external surface of the
adsorbent (step Il). Then the sorbate molecules diffuse from the outer surface of the
adsorbent to the intra-particle spaces (pore diffusion, step Ill). In some cases, the IPD
kinetic model involves two steps only®®, including the rapid transport of the adsorbate
from bulk to the external surface of the adsorbent (step 1), followed by the pore diffusion
(rate-limiting step) as it is slower than step 13%.

For the IPD kinetic model fitted to the metal ion adsorption data for CH/HAp/zeolites
composites; two distinct regions were recognised, attributed to bulk diffusion (fast initial
step) and intra-particle diffusion (step Il) for both composite systems (see Figures 4-132-
4-135, appendix 4 for reference) which is in line with results reported for heavy metal

removal by a cellulose-based adsorbent®®’.
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The parameters of the IPD kinetic model were calculated from the linear equations (Table

5-32), which were obtained from fitting of the IPD kinetic model to the kinetic data of

metal ion adsorption on the CH/HAp/zeolites. The linear equations obtained from fitting

of the IPD model are given as follows:

Table 5-32: The IPD kinetic model equations calculated for the kinetics data of

CH/HAp/zeolite composites

Metal ions

Composites

Step |

Step 11

Cd2+

CH/cHAp/zeolite
CH/bHAp/zeolite

y = 2.364x + 2.2131 (R2 = 0.981)
y = 2.0906x + 4.2484 (R = 0.989)

y = 0.6944x + 10.1 (R? = 0.946)
y = 0.4585x + 12.945 (R? = 0.8596)

Pb2*

CH/cHAp/zeolite
CH/bHAp/zeolite

y = 5.5493x + 2.9886 (R2 = 0.974)
y =5.8842x + 3.3195 (R? = 0.972)

y = 0.0564x + 18.124 (R = 0.702)
y = 0.1933x + 17.483 (R2 = 0.965)

Cu®

CH/cHAp/zeolite
CH/bHAp/zeolite

y =1.7071x + 0.1649 (R2=0.976)
y = 1.6414x + 1.0457 (R2=0.935)

y = 0.2826x + 6.4809 (R? = 0.683)
y = 0.0433x + 9.0003 (R2 = 0.975)

Chromate

CH/cHAp/zeolite
CH/bHAp/zeolite

y =0.1776x + 0.8196 (R? = 0.818)
y = 0.1679x + 1.0607 (R? = 0.935)

y = 0.0812x + 1.1215 (R2 = 0.767)
y = 0.0399x + 1.4615 (R? = 0.863)

The parameters of the IPD kinetic model calculated from the linear equations (Table 5-

32), obtained from fitting of the IPD kinetic model to the kinetic data of metal ion

adsorption on the CH/HAp/zeolites, are given as follows:

Table 5-33:

The IPD model parameters calculated for metal ion adsorption on the

CH/HAp/zeolite composites calculated by using the linear equations given in Table 5-32

IPD Kinetic Model

Metal ions Composite systems  Step | Step 1l
Kad C R? Kad C R?
o CH/cHAp/zeolite 2.35 221 0.98 0.69 10.10 0.95
CH/bHAp/zeolite 2.09 425 0.99 0.46 12.95 0.86
o2+ CH/cHAp/zeolite 5.55 299 0.97 0.06 18.12 0.70
CH/bHAp/zeolite 5.88 319 097 0.19 17.48 0.97
cut CH/cHAp/zeolite 1.71 0.16 0.98 0.28 6.48 0.68
CH/bHAp/zeolite 1.64 1.05 0.94 0.04 9.00 0.98
CH/cHAp/zeolite 0.18 0.82 0.82 0.08 1.12 0.77
Chromate
CH/bHAp/zeolite 0.17 1.06 0.94 0.04 1.46 0.86
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For all the metal ions studied, the slope values of the above-mentioned linear equations
(Table 5-32) are equal to the kg, and the boundary thickness (C) is equal to the intersection
value.

A higher slope value (Kq) of the first step than the second step of the IPD model fitted
(See Table 5-33) to the metal ion kinetic data for both the composites indicates the
availability of excessive adsorption sites initially to adsorb metal ions fast. It also
illustrates that the intra-particle diffusion is the rate-limiting step (with chemisorption)
for the metal ion adsorption on the CH/HAp/zeolite composites, as is evident from the
lower values of kg at step (I1), as a slow rate of diffusion indicates a rate-limiting step. A
more significant intercept (C values) in the second step (intra-particle diffusion) is
attributed to the boundary thickness due to the adsorption of metal ions in the boundary
diffusion step®*.

However, the intra-particle diffusion is not the only mechanism involved in the metal
removal, as the plots (in Figures 4-132 to 4-135 in appendix 4) are not linear and passing
through the origin. lon exchange and surface adsorption processes, possibly through
electrostatic interactions between negatively charged functional groups (hydroxyl,
phosphates), could also be involved in removing metal ions using this composite system.
Summary

The summary of the optimal experimental conditions recorded for each metal ion
adsorption by using the synthesised composite systems (discussed above) in single-metal-

ion type solutions is presented in Table 5-34.

Table 5-34: Summary of optimal experimental conditions recorded for metal ion adsorption

on the synthesised composite system in this study, in a single metal ion type solution system

Optimal experimental conditions were recorded for the metal ion adsorption on

Composite the synthesised composites in single-metal ion type solutions
adsorbents Metal Adsorbent . ge (Mg g1) recorded at
) pH Contact time
ions Dose (g) 0.01 g adsorbent dose
Cd* 0.05 5.0-7.0 60 15.88
Pb2* 0.03 4.0-5.0 60 49.56
CH/cHAp Cu? 0.05 4.0-6.0 60 13.42
Chromate
) 0.05 4.0-5.0 60 21
ions
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Cd# 0.05 5.0-7.0 60 19.72

Pb?* 0.03 4.0-5.0 60 87.99
CH/bHAp Cu® 0.05 4.0-6.0 60 17.34

Chromate

) 0.05 4.0-5.0 60 17

ions

Cd# 0.05 5.0-7.0 120 16.06

Pb?* 0.03 4.0-5.0 120 59.49
CH/cHAp/CF Cu® 0.05 4.0-6.0 120 14.83

Chromate

) 0.05 4.0-5.0 30 25.87

ions

Cd# 0.05 5.0-7.0 120 17.01

Pb?* 0.03 4.0-5.0 120 70.27
CH/bHAp/CF Cu® 0.05 4.0-6.0 120 16.13

Chromate

) 0.05 4.0-5.0 60 21.12

ions

Cd# 0.05 7.0-8.0 90 17.12

Pb?* 0.04 5 60 34.6
CH/cHAp/SCGs Cu® 0.05 5 120 9.12

Chromate

) 0.04 4.0-5.0 15 16.11

ions

Cd# 0.05 7.0-8.0 90 18.18

Pb?* 0.04 5 60 42.43

Cu® 0.05 5 60 11.71
CH/bHApP/SCGs

Chromate

] 0.04 4.0-5.0 15 16.08

ions

Cd? 0.05 5.0-7.0 60 20.09

Pb?* 0.04 5 60 54.21

) Cu® 0.05 5 60 15.49

CH/cHAp/zeolite

Chromate

) 0.04 4.0-5.0 60 13.3

ions

Cd? 0.05 5.0-7.0 90 25.79

Pb?* 0.04 5 60 67.22
CH/bHAp/zeolite Cu?* 0.05 5 60 16.99

Chromate

) 0.04 4.0-5.0 60 13.25

ions
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This section demonstrates the comparison of the adsorption capacities (gmax) of the
synthesised composite systems for the removal of metal ions in single-metal ion type
systems.

There were four composite systems studied to remove the metal ions using the solutions
containing the single metal ion type. The non-linear Langmuir isotherm model was used
to estimate the maximum adsorption capacity (qmax in mg g%) of these adsorbents for each
metal ion studied and presented in Table 5-35.

Table 5-35: Comparison of the maximum adsorption capacity (gmax) 0Of the synthesised

composites in this study to remove metal ions as calculated by using the Langmuir

adsorption isotherm model

Metal ions  Composite .
CH/HAp CH/HAp/CF CH/HAp/SCGs  CH/HAp/zeolite
removed systems

o cHAp-based 24.33 19.57 24.62 33.21
bHAp-based 33.93 20.66 25.46 37.04
P2+ cHAp-based 52.42 66.09 34.68 72.49
bHAp-based 90.03 89.85 49.09 100.47
cu cHAp-based 15.91 15.95 9.98 17.56
bHAp-based 23.67 18.55 14.57 20.11
Chromate cHAp-based 45.04 29.41 27.17 7.71
bHAp-based 34.72 72.46 31.34 1.27

Table 5-35 demonstrated that the estimated adsorption of Cd?* ions was the highest for
the CH/HAp/Zeolite composites, which could be due to the presence of zeolite and HAp
in this composite system which can remove the metal ions using the ion-exchange
mechanism. The CH/HAp and CH/HAp/SCGs exhibit comparable removal for the Cd?*
ions, followed by the CH/HAp/CF composites. Overall, the addition of the zeolite
exhibited an improvement in the removal efficiency of the CH/HAp (control) composites.
The bHAp-based composites (in all four composite systems) were found to be better at
adsorbing Cd?* ions than the cHAp composites, which aligns with the experimental
observations of these composite systems.

The CH/HAp/zeolite composites showed the highest value of the estimated maximum
adsorption for Pb?* ions, which confirms the trend recorded for the Cd?* ion (see above).
After the CH/HAp/zeolite composites, the CH/HAp (control) composites showed the
maximum adsorption capacity for Pb?" ions, followed by the CH/HAp/CF and
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CH/HApP/SCGs composites. The bHAp-based composites (in all our composite systems)
were found to be better at adsorbing the Pb?* ion (as recorded for the Cd?* ions) than the
cHAp composites, which agrees with the experimental observations of these composite
systems recorded for the removal of Pb?* ions.

Generally, the bHAp-based composites exhibit a better adsorption capacity (gmax) than
the cHAp-based composites for the Cu?* ion adsorption, which agrees with the
observations of this study.

The chromate ion adsorption (gmax) Was the lowest for the CH/HAp/zeolite composites,
which provides support to the higher ion-exchange ability of binding sites of this
composite system with respect to cation adsorption, resulting in lower adsorption
observed for chromate anions. The highest value of the gmax was recorded for the
CH/bHAPp/CF composite, which is supported by several literature studies which showed
that the coir-based composites were a favourable adsorbent for the removal of chromate
anions. The irregular trends recorded for the estimated qmax of the chromate ions on these
composites could be due to many factors, such as the heterogeneity of the samples (grain
sizes) or the applicability of the adsorption models on these systems. A comprehensive
data analysis using different adsorption models could be done to confirm the findings
recorded for these systems. Overall, the bHAp-based composites (except CH/bHAp)
showed better adsorption of chromate ions than the cHAp-based composites.

5.2 Experiments involving the removal of metal ions by the composite
adsorbents from solutions containing two metal ion types

(competitive adsorption)

The results obtained from the optimal conditions deduced for Pb?* and Cd?* removal by
the composite adsorbents (when exposed to solutions of the single metal ion systems (as
discussed in earlier section 5.1) were used to evaluate the adsorption of these metals from
solutions containing both dissolved Pb?* and Cd?* ions where there will be competition
for the surface adsorption sites on the composites by the two metal ions present in solution.
The competitive Pb?* and Cd?* adsorption experiments on the CH/HAp (control) and
three-component composites as a function of (contact) time were conducted at two
adsorbent doses, 0.01 g and 0.05 g and the contact time varied from 15 minutes to 180

minutes. The removal efficiency was calculated using equation 4-1 (see earlier). The
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adsorption capacity q: (mg g) as a function of time was calculated using the following
equation (5-10):
Equation 5-10:

(Co— CV
m

e
)
Il

In the above equation, Co and C: denote the metal ion concentrations in the liquid phase
(mg L) at contact times “0” and “t”, respectively. V is the volume of the solution in
litres (L), m (in g) represents the mass of adsorbent, and q: is the amount of sorbate
adsorbed to the solid phase (i.e., the adsorption capacity) in mg g at the time “t” ranging
from 15 minutes to 180 minutes.

In terms of kinetic models, the PSO model was fitted to the data in order to estimate the
maximum adsorption parameters, including ge (mg g*) and k2 (g mg* min™?) for these
systems as the PSO kinetic model was always found to be the best-fit model for describing
the kinetics of adsorption in the single metal ion adsorption systems both in this study and
in similar studies reported in the literature>:8:5,

Hence the next section describes the results for:

1. Competitive adsorption of Cd** and Pb?" on the composite adsorbents in
systems where two metal ion types have been dissolved on two doses of
adsorbent used (0.01 g, Figure 5-1 and 0.05 g, Figure 5-2)

2. The kinetic modelling for Cd?* and Pb?* competitive adsorption from a solution
containing both metal ions dissolved, and comparison of the kinetic model
parameters as calculated for the single metal ion systems and for those where
two metal ion types were dissolved in solution and exposed to different
adsorbent doses (0.01 g, Table 5-36 and 0.05 g, Table 5-37)

3. Detailed results collected for this experimental set-up (two-metal ion type
solution systems) are presented in Appendix 5.
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5.2.1 Comparison of the removal efficiencies of the synthesised composites
for the removal of Pb?* and Cd?* ions in two-metal ion type systems

(competitive adsorption system)

This section demonstrates the removal of Pb?* and Cd?* ions in a solution containing two-
metal ion types. Figure 5-1 illustrates the removal % of the composites for the Cd?* and
Pb?* ions recorded by AAS at 0.01 g of adsorbent dose in competitive adsorption systems.
The Pb?* ion removal is higher than Cd?* ion on all the composite systems studied (see
Figure 5-1), confirming the findings noted earlier in the single-metal ion type solution
systems. Similarly, the bHAp-based composite exhibited a higher removal for both the
cations than the cHAp-based composites, which also aligned with the observations of the
single-metal in type systems discussed in detail in earlier sections.

The data was recorded for adsorption on 0.01 g of the adsorbent dose, showing the highest
removal of the Pb?* ions on the CH/HAp/zeolite composites, which agrees with the Pb?*
ion adsorption observations recorded in the single-metal ion type solution systems (see
above 5.1.4). In contrast, Cd?* ions were removed to the highest extent by adsorption on
the CH/HAp/CF composites, followed by the CH/HAp/SCGs, CH/HAp/zeolite and
CH/HAp composites. Overall, the three-component composites systems showed better
removal of Pb?* and Cd?" ions than the CH/HAp (control) composites in two-metal ion
type solution, which contradicts the results recorded in single-metal ion type solutions,
where the removal efficiency of the control two-component composites was better than
observed for the three-component composites.

The difference between the removal efficiencies in the two systems (single and two-metal
ion type) could be attributed to the irregularities in the sample conditions (sizes and
specific surface areas). Alternatively, the addition of the third component could have a
synergistic effect on the adsorption capacities of the composite in competitive adsorption

systems (like two-metal ion type systems).
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Figure 5-1: Comparison of the removal efficiencies of the synthesised composites for the
competitive removal of Pb?* and Cd?* by adsorption (in solutions containing two metal ion

types) when using 0.01 g of adsorbent

Figure 5-2 (for 0.05 g of adsorbent dose) exhibited the highest adsorption of Pb?* and
Cd?* ions on the CH/HAp/Zeolite composites, followed by the CH/HAp/SCGs, which
agrees with the observations recorded for the single-metal ion type solution system. The
three-component composite systems were more efficient at removing the Cd?* and Pb?*
ions than the CH/HAp (control) composites, showing a better removal (%) than the
control composites in this two-metal ion type solution, which agrees with the observations
recorded when using a low dose (0.01 g) of the adsorbents (Figure 5-1).

These findings are different from the observation recorded in the single-metal ion type
solution system. The results recorded in the competitive adsorption systems (Figure 5-1
and 5-2) demonstrate that the performance of the CH/HAp (control) composites could be
enhanced by adding a third component when they are used as metal ion removal substrates
in competitive adsorption system scenarios. Due to the limited data collected in this study,
it is felt that these three component composites would be good systems to study further
by using different experimental conditions and set ups to explore their future applicability

in complex water treatment systems.
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Overall, cHAp-based and bHAp-based composites showed comparable removal
efficiencies when 0.05 g of the adsorbent dose was used for the removal of Cd?* and Pb?*
ions. It could be attributed to the higher adsorbent dose (0.05 g) used in experiments,
which would have provided the adsorption sites for maximum removal of these metal
cations from the solutions containing both Cd?* and Pb?* ions. The adsorbent dose was
one of the most important factors to attain the maximum adsorption of the metal ions on

the composite.
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Figure 5-2: Comparison of the removal efficiencies of the synthesised composites for the
removal of Pb* and Cd?* in competitive adsorption system (in solutions containing two

metal ion types) at 0.05 g of adsorbent dose

5.2.2 Preferential adsorption of Pb?* in competitive adsorption systems from
solutions containing both Cd?* and Pb?" by using the composite
adsorbents of this study

Overall, the better removal of Pb?* than Cd?* was recorded for all the composite systems

using both adsorbent doses (0.01 g and 0.05 g). The results are presented (in detail) in

appendix 5 for reference, which agrees with the observations recorded in the single-metal

ion type solution systems (as discussed in earlier sections above).
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The improved uptake of Pb?* relative to other cations such as Cu?*, Cd?*, Ni* in
competitive adsorption systems has been reported before in literature studies for several
adsorption  systems such as nanohydroxyapatite®®,  hydroxyapatite-biochar
nanocomposite®®, carbonaceous nanofibres®™®, xanthate-modified magnetic chitosan
adsorbent>”* and modified chitosan/CoFe2O4 particles®’?. Explanations for this enhanced
adsorption ability of Pb?* can be offered as follows.

The literature studies described higher electronegativity, stronger covalent bond strength,
and larger ionic radii of the Pb?* ion as essential indicators for explaining why Pb2*
adsorbs on substrates more readily than Cd?* in competitive adsorption systems from
solutions containing these two metal ions®*>°", The literature has many reports that agree
that the Pb?* and Cd?* ions are subject to different removal mechanisms such as surface
complexation and ion exchange for removal from the solution by the chitosan and the
hydroxyapatite adsorbents. These mechanisms have already been explained in chapter 1.
The following section discusses these two fundamental mechanisms in detail in the
context of preferential adsorption of Pb?* ions using the composite adsorbents employed
in this study.

5.2.2.1 Metal-ligand complexation involved in preferential Pb?* adsorption on the

composite adsorbents

A ligand is a charged or uncharged molecular species®’®, which can cause metal ion
removal by forming metal-ion-ligand complexes (termed metal ion chelation). The ligand
contains electron-donating atoms (e.g., N or O), while the metal cations (Pb?* and Cd?*)
act as electron acceptors when forming the metal-ligand complexes via a covalent bond.
The metal ion interactions with ligands (such as amino and hydroxyl groups) to form
metal-ligand complexes are well-known mechanisms for removing heavy metal ions
using biological macromolecules such as cellulose, chitin and chitosan®”. The CH/HAp-
based composite has the potential to remove Pb?* and Cd?* ions using this mechanism by
involving the -NH> groups and -OH" groups detected to be present in the CH/HAp-based
composite system can form metal-ligand complexes while removing metal ions. When
the solution pH is low (acidic), it leads to protonation of the -NH2 groups to produce
positively charged NHsz* groups, which could compromise the metal-complexation

mechanism.
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The tendency of Pb?* to form metal complexes with ligands including N and O atoms
(e.g., amino and hydroxyl groups) is thermodynamically more favourable than it is for
Cd?* according to a classification discussing the metal-ligand complex formation and
stability constant (Kmi). Metals will tend to make more stable metal-ligand complexes if

the stability constant is higher®’®

. According to this classification, so-called Class B
metals are preferentially complexed with ligands in the following order S > N > O, with
Pb?* having a greater tendency to form the chelation complexes®’4°® than Cd?*. Hence

Pb?* is taken up to a larger extent than Cd?* on these CH/HAp-based composites.

5.2.2.2 lon-exchange mechanisms involved in the preferential Pb?* adsorption on the

composite adsorbents

Suzuki et al.*?®57" provided the experimental evidence for higher Pb?* adsorption on
synthetic HAp compared to Cd?* ion under the same experimental conditions. They
showed in their work that an ion-exchange mechanism was responsible for removing Pb2*
and Cd?* when HAp was employed as an adsorbent to remove these metal ions!?°77,
lons with a more significant electronegativity value may exchange more favourably with
Ca®* ions in HAp. lons with radii in the range of 0.9-1.3 A were readily exchanged for
Ca2" ions in HAp. The metal ions with a higher electronegativity value and ionic radius
in this range favoured the ion-exchange process with Ca?*. Literature states that Pb?* ions
have higher electronegativity®’®°7° (2.33) than Cd?* (1.69) and larger ionic radii (Pb?*
has an ionic radius of 0.118 nm, so falling in the range given by Suzuki et al.*?®) compared
to Cd?* ion (0.097 nm) hence this would explain why more Pb?* than Cd?* would be
attracted more strongly towards negatively charged adsorption sites of composites and to
ion exchange with Ca?* ions on hydroxyapatite. Hence literature provides strong support
for why there is higher Pb?" adsorption than Cd?*, especially on HAp-based adsorption
systems such as the CH/HAp-based composites discussed in the present study.
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5.2.3 Kinetic modelling of competitive Pb?* and Cd?* ion adsorption on the
composite adsorbents and comparison of Kinetic model parameters
calculated for adsorption from solutions containing either one or two

metal ion types

As has normally been the case in previous experiments and model fitting exercises in this
study, the pseudo-second-order model (PSO) was the best-fitted model to describe the
adsorption of Pb?* and Cd?* in the single metal system. The fitting of PSO was done on
kinetic data of competitive adsorption of Pb?* and Cd?* for all the synthesised composite
adsorbents of the present study (see Figures 5-5 and Figure 5-6 appendix 5). The
comparison of the calculated parameters of PSO for data pertaining to adsorption from
solutions containing either one or two metal ion types is given in Table 5-36 (0.01 g) and
Table 5-37 (0.05 g) to show the estimated adsorption of Pb?* and Cd?* in two systems
using the composite adsorbents discussed in this study.

Table 5-36: The calculated parameters from the fitted non-linear PSO kinetic model for
competitive Pb?* and Cd?* adsorption (two-metal ion type solution system) and single metal
ion adsorption on 0.01 g of the composite adsorbents

Composite 5SO Single-metal ion type solution system Two-metal ion type solution system
adsorbents ge (Mg g?) k2 (@ mgtmin?) R? ge(Mggl) ka2(gmgimint) R?

Cd? 15.930 0.139 0.999 15.507 0.003 0.998
CH/cHAp

Pb?* 48.173 0.013 0.999 27.305 0.001 0.977

Cd* 19.070 0.039 0.999 15.749 0.009 0.999
CH/bHAp

Pb?* 49.518 0.014 0.999 45.042 0.001 0.997

Cd* 19.274 0.010 0.993 15.664 0.013 0.996
CH/cHAp/CF

Pb?* 46.912 0.003 0.998 34.995 0.002 0.978

Cd? 23.646 0.002 0.991 23.195 0.003 0.994
CH/bHAp/CF

Pb? 49.797 0.003 0.999 43.384 0.002 0.998

Cd? 26.090 0.012 0.999 18.856 0.003 0.993
CH/cHAp/SCGs

Pb?* 47.790 0.025 0.999 38.430 0.001 0.997

Cd? 25.820 0.048 0.999 18.800 0.006 0.999
CH/bHApP/SCGs

Pb?* 48.086 0.016 0.999 41.850 0.001 0.999

) Cd?* 20.890 0.003 1.000 15.560 0.005 0.991

CH/cHAp/zeolite

Pb?* 48.390 0.006 0.998 48.390 0.006 0.998

Cd? 22.789 0.005 0.999 16.090 0.006 0.998
CH/bHAp/zeolite

Pb? 48.954 0.006 0.999 48.010 0.007 1.000
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The PSO is fitted well with R? > 0.97 to describe the kinetics of adsorption of these cations
on the CH/HAp-based composites and confirms that chemisorption is the rate-limiting
step for removing Pb?* and Cd?* in the competitive adsorption system. The competitive
adsorption of Pb?* is preferred over Cd?* adsorption on both types of composites (cHAp-
based and bHAp-based composites) (see Table 5-36 & 5-37). This is because the
estimated ge (in mg g ) of Pb?* ranges from 27-48 mg g while it ranges from 15.50-
23.19 mg g* for Cd?*, for all the composites studied (Table 5-37).

It reiterates the preference of the CH/HAp-based composites discussed in this study to
adsorb Pb?*ions. Similarly, the estimated ge values (for both Pb?* and Cd?* ions) using
PSO are higher in the single metal ion system than in systems where two metal ions are
co-dissolved in solution, signifying the previously discussed antagonistic effect of
competitive adsorption of metal cations on the available adsorption sites (see Table 5-36
for reference).

Table 5-37: The calculated parameters from the fitted non-linear PSO kinetic model for

competitive Pb?* and Cd?" adsorption (two-metal ion type system) and single metal ion

adsorption on 0.05 g of composite adsorbents

Composite PSO Single-metal ion type solution system  Two-metal ion type solution system
adsorbents ge(mgg?) ka(gmgimint) R? ge(Mgg?) ka(gmgimint) R?

Cd? 7.505 0.037 0.997 8.464 0.005 0.995
CH/cHAp

Pb?* 9.625 0.080 0.999 8.450 0.030 0.999

Cd? 9.808 0.127 0.999 8.450 0.015 0.999
CH/bHAp

Pb? 10.172 0.041 0.999 8.590 0.181 0.999

Cd? 11.804 0.002 0.998 9.176 0.008 0.998
CH/cHAp/CF

Pb?* 9.969 0.025 1.000 9.107 0.060 1.000

Cd?* 12.163 0.002 0.992 9.928 0.018 1.000
CH/bHAp/CF

Pb? 9.946 0.036 0.999 9.623 0.036 1.000

Cd?* 9.868 0.035 0.999 9.637 0.011 0.998
CH/cHAp/SCGs

Pb? 9.890 0.047 0.999 9.970 0.007 0.999

Cd?* 9.850 0.053 0.999 9.849 0.017 1.000
CH/bHApP/SCGs

Pb? 9.690 0.083 0.999 10.087 0.007 1.000

) Cd?* 9.728 0.008 1.000 9.760 0.024 0.999

CH/cHAp/zeolite

Pb?* 9.262 0.050 0.999 9.483 0.042 1.000

) Cd* 9.881 0.008 0.999 9.770 0.024 0.999

CH/bHAp/zeolite

Pb?* 9.546 0.038 1.000 9.515 0.045 1.000
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Table 5-37 (above) presents the calculated parameters for the fitting of the PSO Kinetic
model to contact time data on the competitive adsorption of Pb?* and Cd?* on the
CH/HAp-based composites (of the present study) using 0.05 g of adsorbent dose. The
PSO model was also a good fit for this data, with R? > 0.99. In contrast to the 0.01 g
adsorption system (for adsorption from a solution containing two metal ion types), the
0.05 g adsorbent dose shows similar adsorption capacities in relation to Pb?* and Cd?*
adsorption from both solutions with single metal ion and two metal ion types. (see Table
5-36). The difference between the ge (mg g*) values was found to be ca. 1 mg g™ or less
between systems. The similar adsorption abilities of both types of composites (CHAp-
based composites and bHAp-based composites) when exposed to the single metal ion and
two metal ion type (competitive) systems for Cd?* and Pb?* can be attributed to the
availability of excess adsorption sites from the use of the higher adsorbent dose (0.05 g
vs 0.01 g).

5.3 An industrial input stream sample containing three heavy metals

for testing the adsorption performance of the composite adsorbents

Experimental: After studying the adsorption behaviour of the two-component (control)
and three-component composites (discussed in earlier sections) in solutions containing
either one or two metal ion types, it was desired to test the performance of the composites
by exposing them to an industrial type of solution consisting of three co-dissolved heavy
metal species of relevance to the wood treatment industry. The sample supplied was not
a sample of wastewater from the company but an input stream (i.e., before it was exposed
to the wood). This nevertheless was regarded as a suitable mimic for an industrial
wastewater sample except that the concentrations of heavy metals present were higher
than they would have been due to non-exposure of the solution to the wood. The other
aspect of the sample was that it contained a metal that had not previously been tested in
the solutions containing either one or two metal ion types (as it was not available as an
element for analysis by AAS). This was arsenic (as the arsenate ion).

The industrial input stream sample solution supplied was not in a suitable state to be
exposed directly to the composite materials. Particulate matter was present from the
industrial holding tanks they originated from. Also, the pH of the media was too acidic
(pH < 2), meaning that it would have dissolved the HAp in the composites studied. The
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input sample was dark orange suggesting “Cr” in the sample was present as a dichromate
ion (i.e. Cr.07%(aq)), which is known to exist at very acidic pH®%. The fundamental
purpose of this experiment was an evaluation of the removal efficiency of the composites
when exposed to such a solution, so the initial metal ions concentration (before exposure
to the composites) and final metal ion concentration (after exposing the water to the

synthesised composites, needed to be evaluated.

5.3.1 Pre-treatment and dilution of water for analysis and metal removal

treatment

Before the metal removal experimentation using the adsorbent, a pre-analysis of the
industrial input stream water sample was done using ICP-MS. For the analysis, the actual
(dark orange) sample was diluted by 2000X (the dilution factor) using double distilled
water. After the dilution, the colour of the water changed from dark orange to light yellow,
while the pH increased to values between 4 and 5. Dichromate is likely converted to
chromate ion under these conditions, given the colour change that was observed.

The sub-sample (from the 2000X diluted water sample) was taken for analysis by ICP-
MS in a 100 mL volumetric flask and filtered twice using a syringe filter (0.45 micron).
The two replicates were taken in falcon tubes (15 mL) for ICP-MS analysis before metal
ion removal experimentation to obtain a reliable pre-characterisation of the industrial
water sample. The results generated by ICP-MS analysis were in ppb units, which were
converted subsequently into ppm values. These were then multiplied by the dilution factor
(2000X) to get the actual concentrations of arsenate ions, copper and chromate ions in the
industrial input water samples.

For instance, the arsenic concentration in ICP-MS analysis was given as 831.7 ppb. To
get an actual concentration of arsenic in the industrial input stream sample, it was
multiplied by the dilution factor “2000”, so the calculated value (actual) for arsenic
concentration was 1663,400 ppb. Then this value was converted to ppm unit by dividing
it by 1000. In this way, the calculation was also done for the other two metal ions
(chromium as chromate ion and copper (cupric) ion).

The calculations gave the following values for chromium, arsenic and copper ions
concentrations:

Arsenic (as arsenate) 1663.4 ppm
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Copper (as Cu?*) 999.8 ppm

Chromium (as chromate) 1621 ppm

Isotopic concentrations of Cu and Cr elements (for different isotopes) were measured by
ICP-MS in the industrial water sample (Table 6.2B in appendix 6). Generally, the
concentrations of abundant isotopes of the metals in nature are selected to represent the
metal ion concentrations (Ci (ppm) in later experimentation. For instance, ®3Cu is the most
abundant isotope of copper®8!, with an isotopic ratio of 68.94% and is usually taken into
account to evaluate the removal efficiency of synthesised composites with respect to
cupric ions. However, a number of mass interferences (resulting from the use of Argon
or other components) occurring in ICP-MS must also be considered in order to choose
the most suitable isotope to analyse for representing an accurate value of the metal ion
concentrations (i.e. which is not so affected by or subject to the mass interferences).
Usually, at least two different isotopes are measured using the ICP-MS, and if the
difference between the concentrations of the two is very high, then it is assumed to be
caused by a possible interference. However, in industrial input stream samples, several
cations and anions were present in very low concentrations, which could be assumed to
be negligible for causing any interferences. The other interferences which would always
be present include the Ar, O, H and N due to the argon plasma, water, and nitric acid. For
this, the quality control samples of known concentrations were used in the analysis.
Additionally, the results were recorded for at least two isotopes of the metals of interest
(Cu?*, chromate), which showed comparable concentrations in ppm. The primary purpose
was to evaluate the removal efficiency of the composite materials, so the Cu and %Cr
concentrations were selected to calculate the removal efficiencies of the composites in
this study.

Experimental:

Industrial water sample preparation: For the batch experiments involving metal removal
using the composite adsorbents (discussed in the present study), the industrial input
stream sample was diluted by a factor of 1000.

Batch experiment: The kinetics of metal ion adsorption (of the three above mentioned
metals Cu®*, chromate and arsenate ion)) on the composites was studied using two

adsorbent doses, 0.01 gand 0.1 g.
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Targeted metals: Due to technical issues with the AAS instrument, it was decided to use
ICP-MS to monitor the change of ion concentrations in the industrial input stream sample
after exposure to the CH/HAp composites. The metals targeted were copper, chromium
(chromate ion), and arsenic (arsenate ion). Given the ICP-MS technique can
simultaneously monitor many metal ion concentrations, it was also decided to measure
the concentrations of calcium (present as Ca?*) and phosphorus (present as phosphate)
to explore if the ion-exchange mechanism was occurring as reported for hydroxyapatite-
containing composite matrices when adsorbing heavy metal ions. This would not have
been easy to do using AAS due to matrix interference issues and the need to use other

reagents to prevent this from occurring. Also, P is not amenable to AAS measurement.

5.3.2 Results and discussion for experiments involving metal ion removal
from the industrial type of input stream sample by the composites

synthesised and discussed in the present study

This section concludes the observations recorded for the Cu?*, chromate and arsenate ions

on the synthesised composites exposed to the industrial input stream solutions.

5.3.2.1 Removal of Cu?* ions on the synthesised composite systems exposed to an

industrial input stream water sample

In Figure 5-3, the removal efficiencies of the composite adsorbents (of the present study)
recorded using the ICP-MS to remove the Cu?* ions are demonstrated using 0.01 g of an
adsorbent dose. The Cu?" ion adsorption was the highest on the CH/HAp/zeolite
composites, followed by the CH/HAp/SCGs, CH/HAp/CF and CH/HAp composites. The
observation of the highest removal of the Cu?* ion (a cation) by the CH/HAp/zeolite
composites agrees with the observations recorded for the other cations in the single-metal
ion type solution system, which was attributed to the more ion-exchange ability of this
composite system (the CH/HAp/zeolite) due to the presence of the HAp and zeolite than
other composite systems.

The lower removal of the Cu?* ions on the CH/HAp (control) composites compared to
that recorded on three-component composite systems illustrated the positive effect of
third-component addition into the CH/HAp (control) composites, and this observation is
aligned with the observations recorded for the CH/HAp/CF and CH/HAp/zeolite
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composite systems, in the two-metal ion type solution systems, where these composite
systems (CH/HAp/CF and CH/HAp/zeolite) performed well in term of removal
efficiencies compared to the CH/HAp (control) composite, for the removal of Pb?* and
Cd?* in a competitive adsorption system (see section 5.2). It was concluded from these
observations that the addition of the third component (like CF and zeolite) in the CH/HAp
(control) composites could enhance its removal ability and utility for cation removal in
complex systems, as evidenced by the observations recorded in the two-metal ion type
(section 5-2) and “industrial input stream” sample systems.

The bHAp-based composites showed a relatively better removal efficiency for Cu?* than
observed for cHAp-based composites (Figure 5-3), which agrees with the observations of
the single metal ion type system where the bHAp-based composite systems showed a
better removal (%) for Cu®* cHAp-based composites (see Cu?* removal in single metal
ion type system ). This better removal ability of the bHAp-based composites was
observed for all metal cations studies (Pb?*, Cu?* and Cd?*) and attributed to its higher
surface area compared to the cHAp-based composites by providing more binding sites.
Additionally, the presence of more HAp in bHAp-based composites (deduced from TGA
analysis of the composites) was also considered as a possible reason for this better

performance.
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Figure 5-3: Comparison of the removal efficiencies of the synthesised composites for the

removal of Cu?* in industrial input stream sample when using 0.01 g of adsorbent dose
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Figure 5-4 (see below) shows the removal efficiencies recorded by ICP-MS when using
0.1 g of adsorbent exposed to the industrial input stream water samples. All the
composites show comparable removal efficiencies ranging between 98-99% (Figure 5-4).
In earlier observations using the lower adsorbent dose (0.01 g), different trends of removal
efficiencies for the synthesised composite were observed for the removal of the metal
ions. However, all the composites showed an optimal removal of 97% or more for the
Cu?" ions. Similar observations “in terms of removal efficiencies” for all the composite
systems to remove the metal ions (Figure 5-4) showed the positive effect of the adsorbent
dose on the removal ability of the composites for metal cation removal. Based on this
observation, it could be concluded that the maximum adsorption of the metal ions in each
system could be achieved by simply increasing the adsorbent dose, which provides the
surface area and adsorption sites for the removal of the metal ions.
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Figure 5-4: Comparison of the removal efficiencies of the synthesised composites for the

removal of Cu?* ions from an industrial input stream sample using 0.1 g of adsorbent
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5.3.2.2 Removal of chromate ions on the synthesised composite systems exposed to an

industrial input stream water sample

Figures 5-5 & 5-6 present the ICP-MS data recorded for different composite systems
studied, which were exposed to industrial input stream solutions. Figures illustrate the
results recorded using two adsorbent doses at 0.01 g (Figure 5-5) and 0.1 g (Figure 5-6)
for chromate ion adsorption.

The maximum adsorption of the chromate ion recorded on the CH/HAp (control)
composites ranged between 32-35%, while the lowest removal was recorded on the
CH/HAp/zeolite composites and was 11-14%. The removal of chromate ions on all the
composites ranged between 11-32%, which is lower than the removal of Cu?* (Figure 5-
3) on these composites, which ranged between 73-95% using a similar dose of adsorbents
under similar experimental conditions. The more efficient removal of cationic species
(Cu?") relative to the anionic species (e.g., chromate ion) agrees with the earlier behaviour
observed when chromate ion adsorption from single metal ion solutions was studied.
These tended to show removal % values of > 80% for Cd?*, Cu?* and Pb?* but only 20-
30% maximum for chromate ion.

The highest removal of chromate ions on the CH/HAp (control) composites could be
explained by the greater partial dissolution of HAp in this two-component composite
system. More dissolution could lead to more availability of integrated surface groups on
the CH/HAp (control) composites. These integrated functional groups of HAp could
assist in the adsorption of chromate ions. In contrast, the addition of the third component
can hinder this mechanism by blocking the adsorption sites on the HAp-part of the
composites. The lowest removal of the chromate ions on the CH/HAp/zeolites could be
due to a relatively lower availability of the adsorption sites as most of the binding sites of
this composite system could be involved in the ion-exchange mechanism for the removal

of cations from the solution.
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Figure 5-5: Comparison of the removal efficiencies of the synthesised composites for the

removal of chromate ions from an industrial input stream sample using 0.01 g of adsorbent

Similar trends, as described for chromate ion removal using 0.01 g of the adsorbent, were
recorded using 0.1 g of the adsorbents (Figure 5-6) and could be explained by using
similar reasoning as described above.

The removal of chromate ions on all the composites was recorded to be higher using 0.1
g (Figure 5-6) of adsorbent than it was when using 0.01 g of adsorbent (Figure 5-5).
Removal % was the highest for the CH/HAp composites ranging between 39-40%, while
the lowest removal % was recorded for the CH/HAp/zeolite varying between 19 to 22%.
The better adsorption recorded for the higher dose (0.1 g) compared to the lower
adsorbent dose (0.01g) could be attributed to the relatively higher surface area offered by
the use of the higher adsorbent dose (0.1 g) of the composite.
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Figure 5-6: Comparison of the removal efficiencies of the synthesised composites for the

removal of chromate ions in industrial input stream sample using 0.1 g of adsorbent dose

5.3.2.3 Removal of arsenate ions on the synthesised composite systems exposed to an

industrial input stream water sample

Figure 5-7 & Figure 5-8 present the summary of the removal efficiencies recorded for the
arsenate removal using the ICP-MS on different adsorbent systems at two doses, 0.01 g
and 0.1 g, respectively.

In general, the removal of arsenate ion was higher (by 3-4%) on the bHAp-based
composites (Figure 5-7) than on the cHAp-based composites. It could be attributed to the
higher component of HAp present in the bHAp-based composites, providing relatively
higher adsorption sites for arsenate removal by the ion-exchange mechanism (explained
in an upcoming section).

The arsenate removal was higher than chromate removal (%) on the three-component
composites (see Figure 5-5 & 5-7 for reference); in contrast, the chromate removal % was

higher than arsenate removal % values on the CH/HAp (control) composites.
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The higher adsorption of chromate ions on the CH/HAp composite than on the three-
component composite systems could be explained in terms of the dissolution of HAp in
these composites systems. The higher adsorption ability of two-component composite
systems (the CH/HAp composites) could be associated with the relatively higher
dissolution of HAp to provide these surface groups. In contrast, the three-component
composites could be assumed to dissolve less than the control composites (as
demonstrated by the lower adsorption of chromate ion on these systems), which could be
attributed to the presence of the third composite. Alternatively, the presence of third
components (like CF, SCGs and zeolite) could also cause the blockage of surface

functional groups, resulting in a decrease in the removal of chromate ions.
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Figure 5-7: Comparison of the removal efficiencies of the synthesised composites for the
removal of arsenate ions from the industrial input stream sample using 0.01 g of adsorbent

dose

Figure 5-8 shows the removal efficiency of the composite adsorbents recorded using 0.1
g of the adsorbent. The arsenate removal is following a similar trend as recorded when
using 0.01 g of adsorbent (Figure 5-7) and could be attributed to the ion-exchange
mechanism, assisting better the adsorption of arsenate ion on the CH/HAp/Zeolite

composites.
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Figure 5-8: Comparison of the removal efficiencies of the synthesised composites for the

removal of arsenate ions in industrial input stream sample using 0.1 g of adsorbent.

5.3.2.4 Comparison of chromate ion and arsenate ion removal by the CH/HAp

composites from the industrial input stream solutions

In general, arsenate ion removal is better than that of chromate ion from industrial input
stream samples when using a higher dose of adsorbent (0.1 g), as discussed above. The
mechanism of chromate ion removal involves electrostatic interactions between the anion
and positively charged protonated active sites and metal complex formation involving the
electron-donating groups on the composite material (as discussed in section 5.1.1.1).

In contrast, the literature does report the possibility of ion exchange for arsenate ion when
hydroxyapatite is used to remove arsenic as arsenate ion. Arsenic is predominantly
present as arsenate [As(V)] in the industrial water sample (present study), which is a
commonly encountered arsenic species that is chemically stable under aerobic
conditions®2. Chen et al.%! explained that the ion-exchange mechanism for arsenate ion

removal on bone char is as follows, which involves the exchange of hydroxyl ions:
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Cai10(P0O4)s(OH)2 + HASO4> — Caio(PO4)s(HASO4) + 20H"  5-11

Arsenate (HAsOs?) and phosphate (HPO42) have chemical similarities!?®, which means
that arsenate could exchange for phosphate on a hydroxyapatite surface. Liu et al.}3
proposed a mechanism of ion-exchange between arsenate and phosphate ion species for

removal of arsenic using synthetic hydroxyapatite as given in the following equation:

(“=” denotes a surface) =HAP-PO4* + AsOs* — =HAP-AsO4s* + PO4> 5-12

To confirm if the ion exchange mechanism shown above is occurring, the elemental
phosphorus concentration was monitored by ICP-MS before and after exposure of the
industrial input stream solution to the CH/HAp composites. The results of this experiment

are discussed in the next section.

5.3.2.5 Investigation (by ICP-MS) of the ion-exchange mechanism for cation and
anion removal by the CH/HAp composites when exposed to the industrial input
stream solutions

5.3.2.5.1 Increase in concentration of Ca* ions in solution when the CH/HAp composites

were exposed to the industrial input stream solutions

Table 5-38 shows the Ca?* ion concentration analysed using ICP-MS in the industrial

input stream solution after exposure to 0.01 g and 0.1 g doses of the CH/HAp-based

composites.

In Table 5-38, results recorded for industrial input stream solutions at 180 minutes of

exposure with the composite systems are presented. For both the composite systems

tested, with the industrial type of industrial input stream solution, the concentration of

Ca2" ions increased gradually throughout the contact time experiment (15 minutes to 180

minutes, see Figures 6-9 to 6-12, Appendix 6). This was taken to mean that ion exchange

occurred on the HAp part of the composite between HAp lattice Ca®* and the metal

cations present in solution (i.e., Cu?*, Cd?*, and Pb?* etc.)

When using low adsorbent doses (0.01 g), cHAp-based composite systems showed a total

68.72 % to~112% (Table 5-38) increase in the concentration of Ca?* (plots showing the

detailed presentation of each system are given in appendix 6). Similarly, an increase of

163.56% to = 144% in Ca®* concentration was observed for the bHAp-based composite,
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which indicated that the bHAp-sourced composite demonstrated a better cation
exchangeability than that of the commercially sourced HAp. This agreed overall with the
better cation removal efficiency of the bHAp- based composites as observed in the
experiments conducted in the single metal ion type, two metal ion type and “industrial”
input stream water samples. It is possible that the higher surface area of the bHAp-based
composite may also be assisting to improve adsorption outcomes for cation uptake
relative to the cHAp-based composite system. Alternatively, it could be attributed to the
higher content of HAp in the bHAp-based composites, as revealed by the TGA analysis
of these composites.

When using a higher dose of adsorbent (0.1 g, Table 5-38), the bHAp-based composites
showed a relatively higher increase (%) in Ca2* ions concentration than that observed for
the cHAp-based composites and could be attributed to higher ion-exchange between the
cations and bHAp-based composites.

Apart from ion exchange between Ca?* of HAp and cations, the increase in the
concentration of Ca?* ions were very high in all the solutions exposed to these composites
systems, and it could be additionally due to the partial dissolution of these composites to
release Ca?* ions in solution.

Table 5-38: The percentage increase in the concentration of Ca®* ions analysed by ICP-MS

in an industrial input stream sample during its exposure to 0.01 g and 0.1 g of the composite

adsorbents of the present study

) cHAp-based composites bHAp-based composites
Composite adsorbents
0.01g 01g 0.01g 01g
CH/HAp 68.73 138.86 163.56 172.15
CH/HAp/CF 157.72 202.35 200.33 399.74
CH/HAp/SCGs 178.90 185.74 197.99 181.57
CH/HAp/Zeolites 112.78 194.10 144.21 202.81

5.3.2.5.2 Increase in concentration of phosphorus (P) in solution during the metal removal
experimentation

As intimated earlier, the phosphate ions in the hydroxyapatite lattice could be a potential

site for ion exchange for metal anions such as arsenate, as presented in equations 5-12.

To confirm experimentally whether this ion exchange mechanism had occurred between

phosphate anion and other anionic chemical species in the industrial input stream solution
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(e.g., arsenate anion), the elemental phosphorus concentration was also monitored
simultaneously by ICP-MS in adsorption experiments and the results shown in Table 5-
10.

In Table 5-39, a continuous increase in P concentration was observed (presumably as
mostly phosphate ion) for both composite systems tested with the industrial input stream
solution and presented in Appendix 6 (Figures 6-13 to 6-16).

In Table 5-39, the results are presented for the composite systems exposed to the industrial
input stream sample, and P concentration was recorded after 180 minutes of exposure
time. Using 0.01 g of composite, the cHAp-based composite systems showed an increase
in phosphorus concentration ranging between =376.15 (the lowest recorded for the
CH/HApP/SCGs) and 706.93 % (the highest for the CH/HAp/zeolite) composites. This
observation agrees with those recorded earlier for arsenate removal using 0.01 g of
adsorbent dose (Figure 5-7), showing the lowest removal of arsenate on the
CH/HAp/SCGs and the highest by using the CH/HAp/zeolite of all the composites studied.
From this observation, it could be assumed that the exchange between arsenate and
phosphate ions is a possible mechanism for the removal of arsenate using these composite
systems. The percentage increase in P concentration was found to be relatively higher for
the CH/cHAp compared to the CH/bHAp based composite, which could be attributed to
the dissolution of HAp, which was reasoned to be higher in the cHAp-based system than
in the bHAp-based composite system.

Table 5-39: The percentage increase in the concentration of elemental P analysed by ICP-

MS in an industrial input stream sample during its exposure to 0.01 g and 0.1 g of the
composite adsorbents of the present study

) cHAp-based composites bHAp-based composites
Composite adsorbents
0.01¢g 01lg 0.01¢g 0.1lg
CH/HAp 504.72 454.319 457.02 109.08
CH/HAp/CF 524.09 329.52 571.29 233.08
CH/HAp/SCGs 376.15 458.51 407.14 509.77
CH/HAp/Zeolites 706.93 199.25 671.95 138.32

For the 0.1 g dose of the composites, the cHAp-based composite showed a higher relative
increase in phosphorus (=454% to 199.25%) relative to the bHAp-based composite(=109%
to 233 %), except the CH/HAp/SCGs composite, which exhibited an unusual increase in
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the P concentration at 0.1 g of adsorbent dose which could be due to phosphate release
from coffee grounds as well (see EDX analysis of SCGs, Figure 2-19).

The higher phosphorus concentration in solutions exposed to the cHAp-based composite
could be due to the higher solubility of the cHAp in these composites compared to the
bHAp in bHAp-based composites. The large increase in % of P in the solution could also
mean that the phosphate detected could have come from the partial dissolution of
composites in the solution. The same possibility was mentioned earlier for the Ca®*
concentration; hence it is probable that not only has ion exchange occurred but also some
dissolution of the composites themselves, albeit with the uptake of Cu?* arsenate and
chromate ion from solution into the composites.

This observation of higher dissolution of cHAp-based composite could be supported by
the results of chromate removal using these composites in the single metal system where
the cHAp-based composite (such as the CH/cHAp) was found to remove chromate ion
more efficiently than the CH/bHAp composite, which could be due to the better
adsorption properties of CH/cHAp for chromate ions relative to CH/bHAp resulting from
the cHAp’s greater relative solubility in aqueous solutions, attributed to the higher
solubility of cHAp. The electrostatic interactions are one of the dominating mechanisms
for the removal of the chromate (as described above). The integrated surface functional
groups of HAp could adsorb the chromate ions by electrostatic interactions. For this, the
=PO" groups of the HAp were reported to participate in chromate adsorption, as, after the
dissolution of the cHAp, these groups were reported to dominate the surface of the HAp.
These groups are protonated in slightly acidic conditions to produce =POH groups,
resulting in adsorption of the adsorbate (such as chromate) from the aqueous solutions®?,
In the present study, the pH of the solution was 4.0-5.0, which could cause the protonation
of =PO" functional groups to produce = POH species and ultimately providing adsorption
sites for chromate anions. This is evident by better chromate adsorption in single metal
ion type and industrial input stream water removal systems where the chromate was
removed more efficaciously using CH/cHAp than CH/bHAp.

Another possibility could be the higher percentage of carbonate in the cHAp samples,
which exchange out for chromate better, but this possible interpretation could not be
supported by any literature evidence. However, it was assumed that the higher HAp

content in the bHAp-based composite (as demonstrated in TGA analysis) could be due to
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the lower carbonate content in this particular HAp phase relative to the cHAp
(commercial HAp). So, the presence of the carbonates in cHAp, and ion-exchange
between carbonates and chromates could be considered as a mechanism for better
chromate ions removal by these systems and could be interesting to explore in future
studies.

Contrary to this, the arsenate removal was reported™® to occur by an ion-exchange
mechanism involving phosphates. The arsenate removal (%) was relatively higher for the
bHAp-based composites than the cHAp-based composites, which could be attributed to
the relatively higher content of HAp in these composite systems, as mentioned above
providing higher adsorption sites for the ion-exchange removal of arsenate by the
phosphate groups.

From the observation of single metal ion type and industrial input stream system exposure
experiments, the CH/cHAp (control) composite was found to be more efficient at
removing chromate ions than the CH/bHAp composite. A higher concentration of P was
detected in solutions exposed to CH/cHAp. These two findings could be attributed to the
relatively higher solubility of CH/cCHAp composites (due to cHAp) providing more
adsorption sites (= POH) for chromates and could be the reason for the higher phosphorus
concentration in solution. The relatively better removal of arsenate ion from solution (at
both adsorbent doses of 0.01 g and 0.1 g) could only be attributed to the ion-
exchangeability of CH/bHAp, including phosphates of the crystal lattice as presented in
equation 5-11.

In contrast, in the three-component systems, there was no regular trend for the chromate
ion adsorption and phosphorus concentration in the solution exposed to these systems.
The arsenate ion removal appeared more efficient when using the bHAp-based
composites than the cHAp-based composites, which can be attributed to the higher
content of HAp in these systems, a fact also supported by TGA analysis of these

composite systems.
5.4 Summary

The batch experiments to evaluate the metal ion removal efficiency of the synthesised
composite systems were conducted in three different removal systems, including a single

metal ion type, two metal ion types and three metal ion type removal systems.
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In single metal ion type removal systems, Cd?*, Pb?*, Cu®* and Cr (as chromate ions)
model solutions were used, and the effect of experimental parameters such as dose, initial
metal ion concentration, time and pH on removal efficiency of the composite adsorbents
was studied. In all the systems studied, a continuous increase in removal efficiency and a
decrease in the adsorbent capacity of the composite adsorbents were recorded when the
adsorbent dose was gradually increased. On the contrary, a continuous increase in the
adsorbent capacity of the composite adsorbents and a decrease in removal efficiency were
recorded when the initial concentration of metal ions in the solution was increased
gradually. A pH range of 5.0- 7.0 was recorded as an optimum pH for removing Cd?*, a
range between 4.5-5.5 for Pb?* and Cu?*. The removal of Cr (as chromate ions) was
favoured in an acidic pH range <5.0. Cation (Cd?*, Pb?*, Cu?*) removal % was recorded
to be higher than anion (as chromate ions) removal for all the composite adsorbents. In
terms of cation adsorption, all the composites showed a preferential removal efficiency
for the Pb?* than for the other two cations (Cd?* and Cu?*). The bHAp-based composite
adsorbents showed a relatively higher removal % for cations than the cHAp-based
composites.

In contrast, the cHAp-based composites showed a higher removal efficiency for Cr (as
chromate ions) than the bHAp-based composites. A maximum time of 120 minutes was
considered optimum to achieve equilibrium for the adsorption of metal ions using the
composite adsorbents. The addition of a third component (CF, SCGs and zeolite) into the
two-component composite systems (control composites) exhibited an improvement in the
removal efficiency of the composite adsorbents for the removal of cations.

In adsorption modelling, most of the adsorption systems were found to fit Langmuir
adsorption behaviour. The Langmuir model showed a better fit than the Freundlich model
when the adsorption data of metal ion adsorption using the composite adsorbents was
analysed using the adsorption models (Langmuir and Freundlich). The pseudo-second-
order kinetic model fitted the kinetic data for metal ion adsorption better than the pseudo-
first-order kinetics model did.

In two metal ion type removal systems, two experimental parameters (adsorption dose
and time) were used to study the removal efficiency of the composite adsorbents in a
relatively complex removal system. In line with a single metal ion type removal system,

a positive effect of adsorbent dose on the adsorption of metal ions was recorded while the
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adsorbents achieved equilibrium in 120 minutes. All the systems showed good fitting for
to pseudo-second-order kinetic model, which illustrated that the chemisorption was the
rate-limiting step for the adsorption of metal ions on the adsorbents studied. A comparison
of the estimated adsorption capacities of the composites in single-metal ion type and two-
metal ion type removal systems showed lower adsorption in the two-metal ions type
removal systems relative to the single metal ion type removal systems. It illustrated the
antagonistic effect of having two metal ion types in solution, which leads to a competition
of the ions with each other for the available adsorption sites. The three-component
composite systems showed a better removal % than the two-component composite
systems (control composites), which further illustrated that adding a third component
(like CF, SCGs and Zeolite) improved the adsorption ability of the composite adsorbents.
The adsorbents were also tested in a more complex, real-life industrial-type system
containing three metal ions (Cu?*, Cr (as chromate ions) and As (as arsenate ions). The
results illustrated that the Cu?* (a cation) removal % was higher than the other two ions
(anions) using the composite adsorbents. In contrast, the removal of As (as arsenate ions)
was higher than the Cr (as chromate ions). The bHAp-based composite adsorbents
showed higher Cu?* and arsenate ions adsorption than the cHAp-based composites. The
three-component composite systems showed a higher removal of metal ions than the two-
component composite systems, which illustrated the positive effect of adding a third
component into the control composites.

The three-metal ion type removal systems were analysed to monitor the calcium and
phosphorus ions concentration. A continuous increase in the concentration of both Ca and
P ions was recorded, which indicated the occurrence of an ion-exchange mechanism
during the removal of cations (Cu?*) and As (arsenate). However, the increase in the
concentration of Ca and P was very high, which could be additionally due to the
dissolution of the composites themselves when these were exposed to agueous solutions

in the industrial input stream sample containing the three metal ion types.
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Chapter 6

Conclusions, Limitations and Future Research

This research focused on the design and testing of some economically viable materials
that could be used to remove ions of some of the major heavy metals causing severe
environmental damage due to excessive intrusion into water bodies, including Cd?*, Pb?*,
Cu?*, Cr (as chromate ions) and arsenic (as arsenate anions).

Among the existing treatment methods for wastewater treatment, particularly for heavy
metal ion removal, adsorption was selected as the most efficient, environmentally
sustainable, economically feasible, and simple method. For this, low-cost materials such
as locally available zeolite and industrial and agricultural by-products, including HAp,
chitosan, coir fibre, and SCGs, which are customarily discarded into the environment,
were selected as potential materials to remove heavy metal ions from the aqueous
solutions. These by-products are produced in enormous amounts and offer a low-cost
option for synthesising the adsorbents with a high potential to remove metal ions. These
candidate materials were used to make composite adsorbents with hydroxyapatite. Based
on the literature findings, it was hypothesised that the addition of HAp could help enhance
the removal efficiency of the selected candidate materials. Two different composite
systems were synthesised based on two different sources of HAp, including commercially
sourced and bovine-sourced HAp, to make a comparison between the removal abilities of
cHAp-based and bHAp-based composite adsorbents. The composites were synthesised
using the chemical precipitation method. The composites included the two-component
composite systems, such as chitosan and hydroxyapatite, which were used as the control
composites to compare the removal efficiencies with the novel three-component
composite systems developed in this study. These novel three-component composite
systems were developed by adding a third component (viz., CF. SCGs and Zeolite) into
the two-component composite systems (control composites) to evaluate the effect of the
third component on the removal efficiency of the control composites for the adsorption

of the metal ions.
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6.1 Characterisation of the candidate materials used to synthesise the

composite adsorbents

Before employing the composite systems, the candidate materials were characterised
using spectroscopic and microscopic techniques, including SEM, EDX, FTIR, XRD, and
TGA. The selected raw materials were well-studied and well-reported in the literature
studies, so the characterisation results were compared with the observation reported in
the literature studies. The purpose of the characterisation of raw materials was to make a
foundation for the characterisation of the composite adsorbents and confirm the
successful incorporation of the candidate materials into the composites.

SEM micrographs of chitosan showed flake-like morphology, while the coir fibre and
SCGs showed a tubular-like structure with central holes and cavities, respectively. The
zeolite powder exhibited needle-like particles with a patchy surface. The SEM
micrographs of cHAp and bHAp showed different morphologies. For cHAp, aggregates
of irregular particles with a rough surface were recorded, while the bHAp showed
interconnected spherical particles and pores. The porosity originating from the
interconnected particles was attributed to the synthesis method (thermal calcination). The
EDX analysis of the chosen biopolymeric materials such as chitosan and lignocellulosic
materials like coir fibre and spent coffee grounds exhibited carbon and oxygen as the
major elemental components. The principal element of the hydroxyapatites included Ca,
P, and O. The Mg was found to be due to the biogenic source of the bovine-derived HAp
(bHAp). The Ca:P ratio calculated by elemental percentages of the hydroxyapatite was
1.67-1.8 (for cHAp) and 1.80-1.84 (for bHAp). The EDX analysis of zeolite showed Al,
Si and O as principal elements and some cations (Na* and K*). The materials exhibited
all constitutional functional groups while being evaluated using the FTIR. These
functional groups provide the binding sites for the adsorption of the heavy metal ions by
employing several adsorption mechanisms. The major functional groups of these
materials included hydroxyl, amino, carboxyl, alkanes and phosphates. Additionally, the
presence of carbonate was also recorded by IR absorption peaks in the HAp.

The diffractograms of selected candidate materials (XRD) were compared with the
reference patterns of the pure materials (from the XRD database) to identify the
characteristic peaks in XRD analysis. The bHAp showed relatively higher crystallinity
than cHAp. The chitosan, coir fibre and SCGs were shown to be poorly crystalline phases
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from the featuring of one or two broad peaks in the XRD diffractograms. The TGA
analysis showed the complete combustion of chitosan and coir fibre in a temperature
range of <700 °C. The SCGs left a greyish powder after heating up to 1000° C, which
was attributed to the inorganic content of SCGs (ash). The bHAp showed relatively less
weight loss than cHAp, which was interpreted as indicative of the more crystalline
(calcined) nature of bHAp.

In general, all three characterisation techniques (EDX, FTIR and p-XRD) reinforced the
observation that c-HAp was less crystalline. However, these techniques also indicated the
bHAp had been formed by a higher temperature thermal calcination process which gave

the more highly crystalline materials observed in the case of bHAp.

6.2 Synthesis and characterisation of the low-cost composite materials

The study's first aim was to synthesise the composite materials using the chosen candidate
materials and their characterisation, which was achieved by forming two-component and
three-component composite systems. The characterisation of the composites was done by
the same microscopic and spectroscopic techniques as used for the candidate materials.

In SEM analysis of the control composites, CH/cHAp exhibited a homogenised surface
while the CH/bHAp was relatively heterogeneous, showing fine particles deposition at
the surface attributed to the deposition of the nano-bHAp crystal or the composite matrix
itself. Overall, both the composite exhibited similar morphological characteristics as
particles of irregular shapes. The EDX analysis presented the Ca, P, C and O as the major
constitutional elements coming from the chitosan and HAp. The presence of bovine
sourced HAp in CH/bHAp was confirmed by the Mg peak in the micrograph. The FTIR
spectrum of the composites exhibited fewer peaks than the candidate materials (chitosan
and HAp) after the formation of the composites, showing the poorly crystalline nature of
the materials. Overall, both the composites showed similar morphological and
spectroscopic characters, which was attributed to the re-precipitation of the materials
during the synthesis of the composites, which could be a reason for similar HAp
deposition in the composites. The differences between the two composite systems were
recorded in the TGA and XRD analyses. The XRD diffractogram of the CH/bHAp
showed some additional peaks compared to the diffractogram of the CH/cHAp

composites, which might be due to the higher crystallinity of the bHAp.
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Similarly, the residual mass in TGA analysis for the CH/bHAp is higher than CH/cHAp.
The white coloured powder residue was identified as HAp. It revealed that a relatively
higher mass of pure HAp is incorporated into the CH/bHAp composites because bHAp
has higher purity than cHAp.

In the three-component composite systems, SEM analysis showed that CH/HAp/CF and
CH/HAp/SCGs composites exhibited highly amorphous and irregular surfaces. The
deposition of finely powdered particles of coir fibre dust and spent coffee grounds were
visible in their respective composites in SEM micrographs. The carbon content was high
due to their constitutional components (coir fibre and SCGs, and chitosan), while the
presence of the HAp was evident from the Ca and P peaks. The Mg was present in the
bHAp-based composites to confirm its source. Similarly, the FTIR and XRD analysis
showed similar results for the cHAp and bHAp based composites. Like the control
composites, the TGA analysis exhibited a higher weight loss (%) for cHAp-based
composites (CH/cHAp/CF and CH/cHAp/SCGs) than the bHAp-based composites
(CH/bHApP/CF and CH/bHAp/SCGs). It confirmed the higher thermal stability of the
bHAp relative to the cHAp used in the composites.

6.3 Application of synthesised composite systems for the removal of

metal ion solutions

The second aim of the study was to employ the synthesised composites in aqueous
systems to evaluate their efficiency at removing heavy metal ions by adsorption from
various solutions. The synthesised composites were applied in three different systems and
showed good removal efficiency for heavy metal ion cations. The characterisation of the
materials (FTIR analysis) exhibited that the hydroxyl, carboxyl and phosphates groups
are the dominating functional groups of the composites, which provide the adsorption
sites for the metal ions and favour the adsorption of cations on these composite adsorbents.
Moreover, the presence of HAp also favours the ion exchange between the cations and
Ca?* ions, which could also enhance the overall removal ability of the composites for the
adsorption of cations. It showed that the selection of materials based upon their chemical
composition (functional groups) is an important indicator while synthesising the

composite adsorbents for the application of metal ions removal.
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The adsorbent dose positively affected the removal efficiency of the composites for the
removal of metal ions (both cations and anions), which was assigned to the availability
of more adsorption sites per g of adsorbent to adsorb the metal ions available in the metal
ion solutions, exposed to these composites. It demonstrated the importance of the
adsorbent dose while applying the adsorbents into the water treatment systems. It
illustrated that the higher removal efficiency could be achieved by simply enhancing the
adsorbent dose of adsorbents.

A solution pH > 4.0 was found to be favourable for the adsorption of cations (Cd?*, Pb?*,
Cu?"), while the adsorbents showed better adsorption of anions (chromate ions) at slightly
acidic pH <5.0. The pH of the solution is an important parameter as it controls the overall
charges on the surface of the composites and controls the speciation of metal ions. The
results revealed that if the adsorbents carry a positive charge in acidic conditions, they
favour removing anions in the acidic pH ranges. In the present study, the protonation of
some functional groups (such as amino and hydroxyl groups) in the acidic pH range was
considered as a favourable characteristic for the removal of anions (such as chromate ions)
from relatively low (< 5.0) pH solutions. In contrast, a slight increase in pH from the
acidic range favours the adsorption of cations due to deprotonation of the functional
groups, which ultimately provide adsorption sites for the adsorption of cations.

The contact time of approximately two hours was recorded as optimum for attaining an
adsorption equilibrium in regard to the adsorption of metal ions on the adsorbents studied.
The findings were in agreement in all three systems showing > 70% removal efficiency
for the removal of cations using the two-component systems and >80% removal of cations
when using the three-component composite systems. The chemical characterisation of the
composite adsorbents justifies preferential removal of cations over anions when using the
synthesised composites as all of the materials contain functional groups (such as amino,
hydroxyl and carboxyl), which predominantly provide binding sites for the cations.
Additionally, the presence of hydroxyapatite further enhanced the cation removal ability
of the composite adsorbents by providing adsorption sites (i.e., Ca* in the HAp lattice)
for the exchange of cations.

All the composite systems studied showed the preferential adsorption of Pb?* ions from
both the single-metal ion and the two-metal ion type solution systems. This was attributed

to the physicochemical character of Pb?* with preferential removal of Pb?" being
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attributed to its higher electronegativity value (relative to the other two metal cations
studied) and values of the respective ionic radii. The higher electronegativity value
enhances its metal-ligand complexation ability when the metal ions undergo adsorption
on the amino and hydroxyl groups. The ionic radii play a role in the metal ion-exchange
mechanism. The ionic radii of Ca?* and Pb?" make a more feasible exchange between
these two cations relative to the other cations studied. It illustrated that the
physicochemical characteristics are also very important to consider when designing
composite adsorbents and using them to adsorb metal ions.

The industrial input stream solutions sample exposed to adsorbents showed better
adsorption of cations (e.g., Cu?* ions) than anions (chromate and arsenate), in agreement
with observations recorded for the corresponding single-metal ion type solution systems.
The bHAp-based composites showed a better adsorption ability for the arsenate ions than
the cHAp-based composites, which was attributed to the higher ion-exchange-ability of
bHAp-based composites (between arsenate and phosphates) and this was due to the higher
level of HAp incorporated into these composites compared to the cHAp-based composites.
The highest adsorption of arsenate and the lowest adsorption of chromate ions was
recorded for the CH/HAp/Zeolite composites, which was also expected to occur due to
the ion-exchange mechanism involved in the removal of metal cations and anions by this
composite system.

Overall, the composites performed better (in terms of removal ability) in the two-metal
ion type and the industrial input stream solution sample systems compared to the single-
metal ion type systems for the adsorption of metal ions. It showed that the applicability
of the CH/HAp (control) composites could be enhanced in complex systems (like two
metal or multi-metal systems) by adding the third component (e.g., CF, SCGs and Zeolite).
Similarly, the adsorption of cations could be maximised by adding a zeolitic material
which could help to enhance the overall ion-exchange ability of the composites.

An increase in calcium and phosphorus (elemental) concentrations were monitored in the
solutions exposed to the composites. The increase in Ca?* ions was attributed to ion
exchange between cations and Ca?* of HAp. Similarly, an increase in P was attributed to
ion exchange between P and As. However, for an extremely large increase in the
concentrations of Ca?* and P, it was reasoned that the dissolution of the composites was

also occurring along with ion exchange processes.
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6.3.1 Adsorption modelling for the adsorption of the metal ions from single-

metal ion systems using the synthesised composite

Based on the literature review carried out for the adsorption of the metal ions on similar
systems studied in this research, two non-linear adsorption models were selected for the
adsorption modelling of the metal ion adsorption behaviour on these composites. These
models included the Langmuir and the Freundlich isotherms. These are the most reported
models in the literature for describing the adsorption mechanism of the metal ions using
a variety of adsorbents. The non-linear regression method was used to fit these models on
the experimental data of the metal ion adsorption recorded for the adsorbent systems of
this study. Table 6-1 summarises the “coefficient of determination” (R?) recorded for
these models fitted to the experimental adsorption data of the metal ions recorded for the
adsorption of these metals on the composites systems.

It is evident from Table 6-1 the adsorption behaviour of the metal ions is different in
different systems. Similarly, each composite system interacts with each metal ion in a
different way. For instance, the Langmuir model is the best-fitted model for Cd**
adsorption on the CH/HAp composites, while the Pb?* and chromate ion adsorption data
is best described by the Freundlich isotherm model (see the value of R? above). Moreover,
Cu?* ion adsorption follows the Langmuir isotherm when modelling adsorption on the
CH/cHAp composites. In contrast, the Freundlich isotherm model is the best-fitted model
for Cu?* adsorption on the CH/bHAp composite system. It illustrated that the metal ion
could follow different adsorption behaviour when adsorption of the same metal ion occurs

on different composite systems.
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Table 6-1: The coefficient of determination (R?) values recorded for the non-linear
Langmuir and Freundlich isotherms fitted to the adsorption data of the metal ion
adsorption on the composite systems

] ] cHAp-based composites bHAp-based composites
Composite systems  Metal ions
Langmuir Freundlich Langmuir Freundlich
Cd? 0.996 0.969 0.999 0.988
2+
CHIHAD Pb 0.965 0.986 0.938 0.983
Cu? 0.973 0.896 0.961 0.900
Chromate 0.996 1.000 0.988 0.995
Cd* 0.961 0.847 0.977 0.925
2+
CHIHAD/CF Pb 0.952 0.810 0.890 0.720
Cu? 0.987 0.978 0.939 0.793
Chromate 0.993 0.993 0.997 0.986
Cd* 0.987 0.931 0.993 0.933
2+
CH/HAD/SCGs Pb 0.932 1 0.975 0.972
Cu? 0.994 0.947 0.995 0.991
Chromate 0.998 0.993 0.996 0.974
Cd? 0.975 0.94 0.996 0.975
2+
CHIHAp/Zeolite Pb 0.947 0.839 0.97 0.913
Cu? 0.968 0.871 0.895 0.744
Chromate 0.983 0.937 0.971 0.912

For most of the composite systems, the Langmuir isotherm was found to be the best-fitted
model to describe the adsorption of metal ions. However, Freundlich was also a good fit
for some systems. Based on the literature observations, the Langmuir could be suggested
as the best-fitted model for describing the adsorption of the metal ions on these systems,
as it is one of the most reliable models, as mentioned in several literature studies.

The data could be explored further by employing the other adsorption isotherm models,
which are suggested for the adsorption of the metal ions on heterogeneous surfaces, such

as the Sips isotherm model.
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6.3.2 Kinetic modelling for the adsorption of the metal ions in single-metal
ion type and two-metal ion types of systems using the synthesised

composite

The non-linear pseudo-first-order and pseudo-second-order models were employed to fit
the contact time data of the metal ion adsorption on the synthesised composite. The non-
linear regression method was used to fit the non-linear PFO and PSO models to the
experimental data.

Based on the observations recorded in all the composite systems, the pseudo-second-order
kinetic model was the best-fitted model, with R? values being > the R2 values calculated
for the PFO model. It suggested, therefore, that chemisorption was the rate-limiting step
for the adsorption of the metal ions on these systems. The functional groups of the
composites (as summarised in the FTIR analyses of the composites as detailed in chapter
4) were regarded as being the sites where chemisorption of the metal ions occurred and
mainly involved metal-ligand complexation. Additionally, the ion exchange on the part
of HAp of the composites was demonstrated as the leading agent for the removal of the
metal ions by the ion exchange mechanism. In the CH/HAp/Zeolite composite systems,
the zeolites also could be assumed to assist in the ion-exchange mechanism due to the
presence of cations in the zeolite structure.

The single-metal ion type solution systems established that the PSO kinetic model was
the best-fitted model to the experimental data of the metal ions, which was further
employed in the two-metal ion types of removal systems. It showed a good fitting on the
kinetics data of Cd?* and Pb?* ions recorded in these competitive adsorption systems. It
confirmed that the chemisorption is the rate-limiting step for the adsorption of these metal

ions.
6.4 Limitations of current research project and suggestions for future

research

During this research, several challenges were faced, which limited the number of
experimentations conducted and consequently affected the data collection, analysis, and
conclusions drawn based on that data.

Experimental Limitation: One of the most important limitations was the synthesis of small

quantities of composite materials. This project was based on various composite
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adsorbents, and relatively smaller composites were made to manage the available time
effectively. Consequently, a limited quantity of materials affected the comprehensive
characterisation of materials; for example, the Brunauer-Emmett-Teller (BET) analysis
could not be performed, as it requires a relatively larger quantity of materials to get
optimal results. Additionally, if synthesising of a large amount of materials were possible,
a column study could have been conducted to compare with the batch experiments, and
it could also have been used to test the practical applicability of the materials in water
treatment systems.

Instrumental limitation: The Atomic Absorption Spectrometer (AAS) was the analytical
instrument that was used in this study. It was easy to access and relatively cheap as
compared to other available instruments. However, Inductively Coupled Plasma Mass-
Spectrometry (ICP-MS), in place of AAS, could have been used to a greater extent to
analyse the samples as it provides more reliable results as it is a more sensitive instrument,
is not sensitive to matrix interferences and can also do simultaneous analysis of multiple
elements.

Based on the limitations mentioned above, some suggestions regarding the material
characterisation and metal removal experimentation are given below, which could aid in
advancing future research in this area.

The application of low-cost composite materials in water treatment systems could be
enhanced in different ways. The first is to explore their chemical and physical
characteristics in detail with additional methods. For instance, surface area and pore size
distribution of materials could be studied using BET analysis. Secondly, physical and
chemical modification before their employment in composite matrices could help to
increase their effectiveness. For example, the surface area of clays (such as zeolites) could
be increased by converting them into nanosized materials using physical and chemical
methods. Thirdly, different proportions of raw materials could be used to make the
composites. It can help to evaluate the involvement of each raw material in the metal
removal mechanism. For example, the proportion of one raw material (such as HAp)
could be changed by keeping the other material (e.g. chitosan) constant to make the
composite.

For the metal removal experimentation, a large mass of composites could be synthesised

to conduct relatively large-scale experimental studies. A bulk quantity of materials could
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help to conduct comprehensive research using different experimental setups. For example,
in the current study, only batch experimental systems were used, which are preferred for
small-scale laboratory studies due to dealing with small quantities of materials and easy
operational methods; however, this is not effective for larger volumes of water. For
comprehensive research dealing with large volumes of water, a column bed design is
preferred, which provides a scaled-up design to apply in industries for wastewater
treatment. Therefore, a column study could be designed along with the batch experiments
to compare the removal efficiencies of the materials in two different experimental setups.
Moreover, different combinations of the metal ion solutions could be used to evaluate the
competitive adsorption of the metal ions using the composite systems. For this, different
metal ion concentrations could be used (e.g., 10 to 50 ppm). Similarly, the metal ion
concentration of one metal could be varied by keeping the other metal concentration
constant. It could help evaluate the effect of one metal ion on the adsorption of the other
metal ion in a competitive adsorption system.

Lastly, a study by using the output stream water (industrial wastewater) could be
conducted to compare the results of removal efficiency of the composite materials which

were recorded for the industrial input stream water samples.
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Appendix 1

1.1A: Arrhenius equation

The Arrhenius equation is used to calculate the activation energy of the reaction by using
the rate constant, which an appropriate kinetic model usually calculates.

The linear form of the Arrhenius equation is given as follows:

In(k) =In(4) —E, /RT

In the above equation:

k = the reaction rate constant
A = Pre-exponential factor (demonstrate the collision frequency between the reactant
during the reaction)

E. = Activation energy of adsorption (kJ mol™?)

R = Ideal gas constant (8.31 J molK™)
T = Absolute temperature (K)
When the activation energy is found to be 5-30 kJ mol™ then the adsorption is described
as physical adsorption, while for the chemical adsorption, the value of activation energy
should be higher than 80 kJ mol™ %83,

1.2 A: Error Analysis

It has been already mentioned that the experimentation involving soaking of composites
in metal ion solutions to gauge removal efficiencies was done in triplicate to ascertain
reproducibility error. For each optimised soaking experiment (from which AAS or ICP-
MS data had been obtained), the standard error (SE) for recorded data was carried out by

using the following formula in Microsoft Excel:

SE ==
Vn

Where "c" is the standard deviation and "n" is the number of measurement/replications.
1.3A: Non-linear regression functions (Error Functions)

A method to overcome the limitations of the linear regression for the adsorption
modelling (mentioned in section 1.6), is to use non-linearised regression functions by
employing the true sorption modelling equations to fit the data to a model. It requires an
assessment of the error analysis using the error functions (or non-linear regression
functions) to optimise procedure®®*,

Different non-linear regression functions have been used to determine the best-fit model
in earlier literature by calculating the coefficient of determination (R?) for non-linear
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regression functions®¥°8, Among them, a few that have been used in this study for
adsorption and kinetic modelling of experimental data are given below33¢.
1. The sum of the squares of the errors (SSE):

1-A

SSE = E?:J_(_qe.fa]f - qE'-BKPj-l_

2. The sum of the absolute errors (SAE):
1-B

SAE= E?:1|QE,::EL:' — Qeexp ;
3. The average relative error (ARE):
1-C

100
ARE=— 3%,
n

Qe.exp™ Qa,calc

Qeexp

4. The hybrid functional error function (HYBRID):
1-D

100 (- B
HYBRID =20y [(Sesm” deca) ]
n—p Qe.exp ;

5. Marquardt's percent standard deviation (MPSD):
1-E

[ -
MPSD = 100 |——X= (—“*-“P‘ “*-““’)'
. ..\l n-p =1 Qaexp i

6. Non-linear Chi-test (,2-test): (It was used for the non-linear regression analysis of
kinetics data to fit the kinetics models in the two-metal ion type solution systems).

Equation 1-F

Y~ (qe,exp — qe,th)2
x2 =

ge, th
In the above equations, Qeca and Qeexp are the adsorbate quantities at adsorption

equilibrium in mg g*. geca is calculated by model equations equation (using the solver
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add-in in Microsoft Excel) and geexp is calculated theoretically by experimental data
(using equation 4-1).

"n" represents the number of points in a data set, for instance, in the present study, while
"p" represents the number of the adsorption isotherm parameters calculated. For instance,
for the Langmuir and Freundlich isotherm model, the number of the parameters calculated
is 2.

The adsorption isotherm parameters were calculated for each of the functions using
Microsoft excel solver add-in. All non-linear regression functions produce different
adsorption isotherm parameters with different coefficients of determination (R?). The
best-fitted parameter set is decided by comparing the R? values. The error function which
produces the highest (close to one) R? value is selected as the best-fitted modelling data

for describing the adsorption isotherm for a particular adsorption data.

Non-linear regression method for adsorption isotherm model fitting: Example
Step 1: Enter experimental data values from the batch experiment as Ci, Ce and Qe.

Initially, suppose the values of model parameters are close to the experimental values.

Supposed values of Langmuir isotherm parameters
based on Experimental data, and used to calculate the

model qe values +
Experimental adsorbate quantity

calculated theoretically using equation 6 -
1 (chapter 6) "

SST-

gt . 15.000 K, _ 0.100 SSE/SST

\

x g |
oo oy | 200" | et o | s | 1

s | 24 | 504 ' '

10 5.54 8.92

15 | sa | 1212 \’

20 12.85 14.31 \

25 17.33 15.35 \

11.15 t \
l l Langmuir isotherm model based ge values will be
Initial metal lon calculated using the Langmuir non -linear model
concentrationgi, i metal lon concentration equation

(AAS data)
Average of all ge values used to

calculate R?
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Step 2: Calculate Langmuir model parameter values, using the adsorption model equation
i.e. the Non-linear Langmuir model, to calculate the ge value for the model (using the

supposed parameter values)

Langmuir isotherm model ge values calculated using
the Langmulr non-linear model equation

Qmax 15.000 Ki 0.100 SST-SSE/SST
-1
(p::‘n) C:p';‘:sn qe (mgg) q“(:;:: N wyerio | sse | sst

5 2.48 5.04 2.98
10 5.54 8.92 5.35
15 8.94 12.12 7.08
20 12.85 14.31 8.43
25 17.33 15.35 9.51

11.15 6.67

Avewslo' all ge values used to
calculate R?

Step 2: Calculate the error values using the error analysis functions (non-linear regression
function) given above in equations 1-A to 1-D (one by one).
For instance, we use the hybrid error function to calculate the error, by using the Qexp

values and Qe cal Values, the Hybrid error function is given as follows :

2
H'Y-BR]I)_E E-. ' (qa.axp I:l-l!'I:‘Sljl

Qe.exp

In the above formula,

QQ, cal p = 2 is two mode| parameters must
calculate
rac 15000 | 0.100 | 'SST-SSE/SST

Ci | Cemean q e(mgg ) . .
(ppm) | (ppm) 'qe(mgg ). siodel .HYBRID SSE . SST .

s | 28 | 504 | 298
10 | 5% | 892 | 535
15 | 8% 1212 | 7.08
20 | uss | 1431 | 843
25 | U3 | 1535 | 951 | |

11.15 6.67

100 (erxp qf(\l)

+ t— HYBRID = 12 57 1[ e
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HYBRID Error function

(model parameters)

SST-
Gmax 15.000 K 0.100 SSE/SST
-1

5 248 5.04 2.98 0.8379
10 554 8.92 5.35 143264
15 894 12.12 7.08 20951
20 1285 14.31 843 2418
25 1733 15.35 9.51 22192
11,15 6.67 89965/

‘ 2988027

Important to note that the value of error is \7ery high for the suppose value of qmax and ke

Step 2: Calculate the coefficient of determination value (R?) using the experimental and

calculated gmax values:

which is given as
R?=SST -SSE / SST

SST

SSE

SSE = ¥(y - 9)*

Qran 15.000 Ki 0.100 \\ SST-SSE/SST
¥ R’
Ce moan 1 qe (mg g')
G ™ HY B0 SSE 55T
{ppm) (ppm) qe {mg &) model
5 248 5,04 2,98 -
10 534 892 5.35 14328
15 893 12.12 7.08 30951
20 1285 14.31 #.43 2414
25 1733 15.35 9.51 3319
11,15 | 6.67 adocd
399,807 g™
Average value
-—
SST = Z@ 5
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After the calculation of SST, SSE and R?, the following was obtained:

HYBRID Error function
Omax 15.000 K, 0.100 SSSEs/.;ST
. -1
o |58 | 0 | 5% |57 | @
5 248 5.04 2.98 0.8379| 37.33 | 4.220 | -0.566
10 5.54 8.92 5.35 1.4326| 4.95 [12.782
15 8.94 12.12 7.08 20051 0.95 {25.391
20 12.85 1431 8.43 2.4118) 10.00 {34.509
25 17.33 15.35 9.51 2.2192| 17.64 |34.057
11.15 6.67 8.9965| 70.87 {110.96
299.8827

Note the values of gmax, KL ,R? and Hybrid error values (299.88). The next step is to
minimise the error value to calculate the best-fitted model values with optimised

parameter values, which would also allow calculation of the maximum possible R? value

Step 3: Calculate the error values again using the excel solver add in, for this:

1. go to data in excel task nbbon,
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2. Click on the solver function (if not found then it needs to be added into task bar by
using the (file < options< add <excel add in < go < solver-add in <ok) ,
When we click the solver add-in, it opens a drop box as follows

\
Solver Parameters > ‘
Set Objective sLsn - r
To (®) prax (R X 1T L) Nalue OF: l
' E By Changing Varnable Cells i
———d |
I s £
J
- Subject to the Constraints ‘
— Ada |
-1
™) Shange ‘
I
Deiete '
—
|
— |
Beset Al
4 |
— Load/Save ‘
[52] Make Unconstrained Variables Nan.Negative ‘
s ,
Sglact a Solving GRG Nonlinear v options
Method: = “
Solving Method |
Sele