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Abstract

In the context of increasing demand for potable water and the depletion of water
resources, stormwater is a logical alternative. However, stormwater contains
pollutants, among which metals are of particular interest due to their toxicity and
persistence in the environment. Hence, it is imperative to remove toxic metals in
stormwater to the levels prescribed by drinking water guidelines for potable use.
Consequently, various techniques have been proposed, among which sorption using
low cost sorbents is economically viable and environmentally benign in comparison
to other techniques. However, sorbents show affinity towards certain toxic metals,
which results in poor removal of other toxic metals. It was hypothesised in this study
that a mixture of sorbents that have different metal affinity patterns can be used for

the efficient removal of a range of toxic metals commonly found in stormwater.

The performance of six sorbents in the sorption of Al, Cr, Cu, Pb, Ni, Zn and Cd,
which are the toxic metals commonly found in urban stormwater, was investigated to
select suitable sorbents for creating the mixtures. For this purpose, a multi criteria
analytical protocol was developed wusing the decision making methods:
PROMETHEE (Preference Ranking Organisation METHod for Enrichment
Evaluations) and GAIA (Graphical Analysis for Interactive Assistance). Zeolite and
seaweed were selected for the creation of trial mixtures based on their metal affinity
pattern and the performance on predetermined selection criteria. The metal sorption
mechanisms employed by seaweed and zeolite were defined using kinetics, isotherm
and thermodynamics parameters, which were determined using the batch sorption
experiments. Additionally, the kinetics rate-limiting steps were identified using an
innovative approach using GAIA and Spearman correlation techniques developed as
part of the study, to overcome the limitation in conventional graphical methods in
predicting the degree of contribution of each kinetics step in limiting the overall

metal removal rate.

The sorption kinetics of zeolite was found to be primarily limited by intraparticle
diffusion followed by the sorption reaction steps, which were governed mainly by the

hydrated ionic diameter of metals. The isotherm study indicated that the metal
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sorption mechanism of zeolite was primarily of a physical nature. The
thermodynamics study confirmed that the energetically favourable nature of sorption
increased in the order of Zn < Cu < Cd < Ni < Pb < Cr < Al, which is in agreement
with metal sorption affinity of zeolite. Hence, sorption thermodynamics has an
influence on the metal sorption affinity of zeolite. On the other hand, the primary
kinetics rate-limiting step of seaweed was the sorption reaction process followed by
intraparticle diffusion. The boundary layer diffusion was also found to limit the metal
sorption kinetics at low concentration. According to the sorption isotherm study, Cd,
Pb, Cr and Al were sorbed by seaweed via ion exchange, whilst sorption of Ni
occurred via physisorption. Furthermore, ionic bonding is responsible for the
sorption of Zn. The thermodynamics study confirmed that sorption by seaweed was
energetically favourable in the order of Zn < Cu < Cd < Cr = Al <Pb < Ni. However,
this did not agree with the affinity series derived for seaweed suggesting a limited

influence of sorption thermodynamics on metal affinity for seaweed.

The investigation of zeolite-seaweed mixtures indicated that mixing sorbents have an
effect on the kinetics rates and the sorption affinity. Additionally, the theoretical
relationships were derived to predict the boundary layer diffusion rate, intraparticle
diffusion rate, the sorption reaction rate and the enthalpy of mixtures based on that of
individual sorbents. In general, low coefficient of determination (RZ) for the
relationships between theoretical and experimental data indicated that the
relationships were not statistically significant. This was attributed to the
heterogeneity of the properties of sorbents. Nevertheless, in relative terms, the
intraparticle diffusion rate, sorption reaction rate and enthalpy of sorption had higher
R? values than the boundary layer diffusion rate suggesting that there was some
relationship between the former set of parameters of mixtures and that of sorbents.
The mixture, which contained 80% of zeolite and 20% of seaweed, showed similar
affinity for the sorption of Cu, Ni, Cd, Cr and Al, which was attributed to
approximately similar sorption enthalpy of the metal ions. Therefore, it was
concluded that the seaweed-zeolite mixture can be used to obtain the same affinity
for various metals present in a multi metal system provided the metal ions have

similar enthalpy during sorption by the mixture.
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Chapter 1: Introduction

1.1 BACKGROUND

Access to safe drinking water has been declared as a basic human right by the United
Nations (WHO 2000). Some 884 million people do not have access to safe water due
to the pollution of conventional water sources, such as groundwater and surface
water (WHO 2008). In addition, water scarcity is one of the most critical resource
issues for dry countries, such as Australia. A report by the Australian Bureau of
Statistics (ABS 2005) notes that the gap between water supply and demand increases
every year as water demand is growing despite highly constrained water supply
sources. In this context, there has been an increased focus on utilising largely unused
stormwater for potable purposes due to its availability in large volumes and
accessibility in most parts of the world (Burns and Mitchell 2007; Hatt et al. 2007,
Begum et al. 2008). Reusing stormwater has an additional advantage because it can
reduce the hydrological impacts and water quality deterioration in receiving water
bodies caused by stormwater runoff. However, the presence of toxic pollutants in
stormwater restricts its direct use for potable applications, for which a high degree of
treatment is required to avoid human health consequences (Tsihrintzis and Hamid

1997; Carpenter et al. 1998; NHMRC 2004).

Among the pollutants in stormwater, metal ions are some of the most toxic and
persistent pollutants, which can cause significant health impacts on humans and
animals (Dayan and Paine 2001; Terry and Stone 2002; Satarug and Michael 2004;
Ziyath et al. 2011). Metals are found in both particulate (particle size > 0.45 um) and
dissolved (particle size < 0.45 pum) phases. Though particulate metals can be
effectively removed using secondary treatment techniques such as filtration, removal
of dissolved metals using these techniques is not efficient (Pontier et al. 1998).
Unfortunately, dissolved metals are relatively more hazardous than the particulate
form because the former is readily bioavailable to organisms (Dils and Heathwaite
1998). Therefore, removal of dissolved metals is one of the primary objectives of
tertiary treatment and developing an efficient and inexpensive technology for this

purpose is imperative for practical reuse of urban stormwater for potable purposes.




1.2 RESEARCH PROJECT

Several physico-chemical treatment techniques, such as coagulation-flocculation and
chemical precipitation have been investigated for the treatment of dissolved metals in
water (Eisenman et al. 1962; Patterson et al. 1977; Martin 1988; Bose et al. 2002;
Inglezakis et al. 2006). However, these techniques have environmental and economic
consequences resulting from the generation of contaminated sludge and high capital
and operational costs (Ayoub et al. 2001; Kurniawan et al. 2006; Ziyath et al. 2011).
Consequently, sorption technique is preferred for the removal of dissolved toxic
metals from water due to economic and environmental benefits. This study
investigated the use of sorption technique for the removal of dissolved metals from

water for potential application in tertiary stormwater treatment.

The removal of metals by various sorbent materials have been investigated in past
research studies (Geng-Fuhrman et al. 2007; Adebowale et al. 2008; Minceva et al.
2008). However, these studies have noted that sorbents selectively remove certain
metal ions over the others leading to poor removal of the less preferred metal ions.
This behaviour is influenced by factors such as kinetics and thermodynamics of the
metal sorption mechanisms employed by the sorbent materials. Therefore, using a
mixture of sorbents can be a logical approach to ensure similar affinity for the
sorption of all metal ions since a range of kinetics and thermodynamics

characteristics will simultaneously be in operation.

Investigating metal removal using typical urban stormwater is complex due to the
presence of a range of other pollutants, which can mask and/or interfere with the
metal removal processes. As such, it is difficult to characterise the specific metal
removal processes, which come into play under a given set of circumstances.
Therefore, the research study was undertaken using deionised water spiked with
varying concentrations of dissolved metals typically found in urban stormwater as

identified in research literature.




1.3 RESEARCH HYPOTHESES

A mathematical relationship can be established between the metal sorption
kinetics and thermodynamics of the sorbent mixture and those of the

individual sorbents based on mass conservation principle.

Mixtures of sorbents with different metal affinity patterns can be utilised
to obtain similar affinity for the sorption of a range of dissolved metal ions

in a multi metal system such as urban stormwater.

1.4 AIMS AND OBJECTIVE

Aims

The project aims were:

Objective

To develop a multi-criteria protocol for the selection of sorbents to create

sorbent mixtures for the removal of a range of metal ions in water;

To define the kinetics and thermodynamics of the metal removal

mechanisms of selected sorbents;

To investigate the effect of sorbent mixtures on the kinetics and
thermodynamics of metal sorption mechanisms and the affinity for the

sorption of metal ions.

The primary objective of this research was to investigate whether the kinetics and

thermodynamics of metal sorption mechanisms can be enhanced by mixing selected

sorbents in order to improve the affinity for the sorption of dissolved metal ions from

a multi metal solution such as urban stormwater.

1.5 INNOVATION AND CONTRIBUTION TO KNOWLEDGE

This study created fundamental knowledge in relation to the kinetics and
thermodynamics of the mechanisms employed by sorbent mixtures. This
knowledge is important for the effective utilisation of sorbent mixtures for

the removal of dissolved metal ions in tertiary stormwater treatment and




can be extended to investigate the sorption of other pollutants by different

sorbent mixtures.

e Conventional techniques used for the identification of kinetics rate-
limiting step cannot predict the influence of each kinetics step on limiting
the overall metal removal rate. This study developed a novel approach to
predict the influence of the kinetics steps on limiting the overall metal
removal rate. This procedural innovation can contribute to the

advancement of knowledge in the area of sorption kinetics investigations.

o The study identified the kinetics rate-limiting steps in the sorption of metal
ions in a multi metal system by sorbents. This knowledge is crucial for
increasing the overall metal removal rate and, consequently, reducing the

treatment time.

e Mathematical relationships developed for predicting metal sorption
kinetics and thermodynamics of mixtures based on those of individual
sorbents provide essential knowledge relating to the use of mixtures for
metal sorption. These equations can be extended to include a range of

different sorbent mixtures.

e In this research study, a multi-criteria protocol was developed for the
selection of sorbent materials to create sorbent mixtures based on a range
of criteria in addition to their affinity for metal ions. This multi criteria
approach can be extended to create mixtures for the simultaneous removal

of various pollutants in a real-world water treatment application.

1.6 SCOPE

e This study focused on the removal of dissolved metals from road
stormwater runoff at the tertiary treatment stage. Traffic activities are
considered as one of the major contributors of metals to road runoff. Lead
(Pb), zinc (Zn), cadmium (Cd), copper (Cu), nickel (Ni) and chromium
(Cr) are toxic heavy metals commonly found in road runoff (Sansalone
and Buchberger 1997; Drapper et al. 2000). Furthermore, Mangani et al.

(2005) observed very high concentration of soluble aluminium (Al) in road




runoff, which is regarded as highly toxic to humans and plants. Therefore,
this research study investigated the removal of dissolved Pb, Cr, Ni, Cu,

Zn, Cd and Al from a multi metal system.

e In this study, the metal sorption mechanism employed by the sorbents and
the mixtures was defined based on the isotherm, kinetics and

thermodynamics characteristics.

e Only six sorbents, namely, seaweed, activated carbon, zeolite, clay,

corncob and sugarcane bagasse were investigated.

e Only five criteria, namely sorption capacity, cost, environmental,
biodegradability and operational factors, were considered in the evaluation

of the performance of sorbent materials.

e The research was confined to laboratory studies using synthetic metal
solutions prepared by dissolving the metal nitrates in deionised water. The
study did not focus on metal removal from typical tertiary stormwater

system. In addition, there were no field investigations carried out.

e The study focused on the characterisation of the sorption mechanisms
employed by the selected sorbents and their mixtures. Optimisation,

regeneration or life cycle analysis of the technology was not investigated.

1.7 OUTLINE OF THESIS

This thesis has nine chapters. Chapter 1 introduces the research study by providing a
brief background to the research problem and by outlining the hypothesis, aims and
objective of the study. Chapters 2 and 3 consist of critical review of research
literature on stormwater pollution, the techniques available for the removal of metals
in water, the influence of physico-chemical factors on the sorption process and the
sorption modelling approaches. The design of the research study including the

pertinent theory, experimental procedures and data analysis is discussed in Chapter 4.

The protocol developed for sorbent selection and the application of the protocol for
the sorbents investigated in this study are presented in Chapter 5. Chapter 6 discusses

the kinetics and thermodynamics of the metal sorption mechanism employed by




zeolite and seaweed, while Chapter 7 describes the metal sorption mechanism
employed by their mixtures including the effect of mixing seaweed and zeolite on
metal sorption affinity and the sorption kinetics and thermodynamics. Chapter 8
summarises the key findings, primary contributions to the knowledge and the
recommendations for future research. The final chapter consists of the full list of the

references used in this thesis.




Chapter 2: Stormwater pollutants and
treatment methods

2.1 INTRODUCTION

Water is an essential resource for the existence of life and the delicate balance of its
quantity on earth is maintained by the hydrologic cycle. Water evaporates from
sources such as oceans and lakes to the atmosphere where it gets condensed and
returns back to the surface of the earth in the form of precipitation, for example, rain,
snow and hail. A portion of precipitated water is generally absorbed by the ground
and is treated via a natural cleansing system consisting of soil, microorganisms and
vegetation. The remainder flows as surface runoff and reaches receiving water

sources such as seas, rivers and lakes.

In recent times, rapid urbanisation has significantly increased the amount of
impervious surface coverage such as roofs and roads in catchment areas. Impervious
surfaces have significantly reduced the infiltration of precipitated water into the
ground. Consequently, there is an increase in stormwater runoff quantity, which
causes erosion of stream banks and flooding (Tillinghast et al. 2011). Additionally,
various pollutants such as suspended solids and toxic metals that are accumulated on
impervious surfaces due to anthropogenic activities are incorporated into stormwater
runoff resulting in the deterioration of the quality of receiving water bodies (Gnecco

et al. 2005).

On the other hand, access to safe water is one of the most critical resource issues
around the world (WHO 2008). On average 1700 m® per capita per annum fresh
water is required to meet the needs of human population and the environment
(Pigram 2006). However, 480 million people all over the world faced water shortage
in 2000, which is expected to grow to almost 3 billion by 2025 (Gleick 2002). In
addition, approximately 884 million people did not have access to safe drinking

water in year 2006 according to the World Health Organization (WHO 2008).




Therefore, there has been an increased focus on utilising alternative water sources
such as stormwater, wastewater, irrigation water and seawater in order to meet the
increasing demand for clean water. Among them, stormwater is a logical alternative
due to its availability in large volumes and accessibility in most parts of the world
(Burns and Mitchell 2007; Hatt et al. 2007; Begum et al. 2008). Additionally, reuse
of stormwater can minimise the hydraulic and water quality impacts due to increased
stormwater runoff. However, the presence of toxic pollutants in stormwater restricts
its direct use for potable applications, for which a high degree of treatment is
required to avoid human health consequences (Tsihrintzis and Hamid 1997;
Carpenter et al. 1998; NHMRC 2004). Consequently, it is necessary to develop an
effective treatment system for stormwater pollutants, for which an in-depth

knowledge on the physics and chemistry of stormwater pollutants is essential.

2.2 STORMWATER POLLUTANTS

The primary pollutants that are found in stormwater runoff are (Tsihrintzis and

Hamid 1997):
e Suspended solids
e Organic carbon
e Nutrients

e Toxic metals

Hydrocarbons.

Litter is also considered as a pollutant. However, its impacts on water resources are

largely of aesthetic concern.

2.2.1 SUSPENDED SOLIDS

Suspended solids, which are particles typically larger than 0.45 pum in size, are
contributed to stormwater runoff via various natural and anthropogenic sources such
as soil erosion, vehicular emissions and industrial activities (Sansalone and
Buchberger 1997). Clay, silt, abrasion products from vehicles and various types of

organic matter are commonly found among suspended solids (Ellis 1976; Ogunlaja




and Aemere 2009). Concentration of suspended solids in stormwater runoff depends

on various factors including rainfall intensity and duration (Egodawatta et al. 2006).

Suspended solids contribute to physical and chemical impacts on receiving water
bodies. These impacts include the increase in turbidity of receiving water, which
blocks light penetration. Consequently, photosynthesis and primary food production
by aquatic plants are reduced (Henley et al. 2000). This can lead to the death of

aquatic organisms and eventually to the collapse of the aquatic ecosystem.

The chemical impacts of suspended solids on receiving water bodies are more
significant than their physical impacts. Suspended solids can adsorb toxic pollutants
such as metals and hydrocarbons and transport them to receiving water bodies (Vaze
and Chiew 2004; Lau et al. 2005). Particle size of suspended solids is one of the
important factors that influence the adsorption and transportation of other pollutants
by suspended solids. Based on size, particulates can be divided into coarse (>150
um) and fine (<150 pum) fractions (Zafra et al. 2008). During a rainfall event, both
coarse and fine suspended solids are washed from pervious and impervious surfaces.
However, coarse particles generally tend to settle quickly due to gravity. In contrast,
fine particles remain in suspension for a longer period due to their relatively larger
surface area and surface electrostatic charge (Sansalone and Kim 2008).
Furthermore, the relatively larger surface area of fine particles facilitates the

adsorption of pollutants in higher concentrations compared to coarse particles.

Several studies have found that fine particles represent the majority of suspended
solids in stormwater runoff and act as the most important pollutant carrier to
receiving waters (Herngren et al. 2006; Miguntanna 2009). Herngren (2005)
measured the concentration of total suspended solids for five particle size ranges
from three different land uses. He observed higher fine particulate concentration
compared to the coarse particles. For example, the mean concentration of fine
suspended solids in build up samples was about 116 mg/kg for a residential site,
while it was 5 mg/kg for coarse suspended solids. Therefore, it is essential to develop

stormwater treatment technologies to facilitate the efficient removal of fine particles,




which, in turn, can reduce the toxic pollutant load transported to receiving water

Sources.

In stormwater runoff, solids are also present in the dissolved phase. Dissolved solids
are defined as solids that are less than 0.45 um in size (Herngren et al. 2010) and
their mean concentration in urban Gold Coast region of Australia was found to be in
the range of 27-175 mg/kg (Herngren 2005). Ions complexed with water molecules
or colloidal particles are generally identified as dissolved solids. Dissolved form of
hydrocarbons and toxic metals can be more hazardous than in their particulate form
since the former is readily bioavailable to organisms (Dils and Heathwaite 1998).
Additionally, the treatment of dissolved solids using conventional physical
stormwater treatment processes such as filtration and settling is generally not
efficient. Therefore, dissolved metals and hydrocarbons can easily reach receiving

water bodies and can create significant human and ecosystem health impacts.

2.2.2 ORGANIC CARBON

Organic carbon is oxygen demanding material contributed to stormwater runoff from
vegetation debris, animal wastes, vehicle exhaust and tyre wear (Rogge et al. 1993).
Decomposition of organic carbon by microorganisms leads to the depletion of
dissolved oxygen, which creates significant problems to aquatic life including failure
or alteration of respiratory metabolism (Vijayavel and Balasubramanian 2006).
Furthermore, ligands in organic compounds can bind metal ions via complexation.
Consequently, organic carbon plays a crucial role in partitioning metal ions into
particulate and dissolved forms depending on whether complexation has taken place
with particulate or dissolved organic carbon (Hamilton et al. 1984; Beck et al. 2012).
Similarly, organic carbon can also have an influence on the concentration and
distribution of hydrocarbons. Several studies have reported positive correlation
between polycyclic aromatic hydrocarbons (PAHs) and organic carbon in stormwater
(Wang et al. 2001; Herngren et al. 2010). Adsorption of PAHs and toxic metals by
dissolved organic carbon can make these substances readily bioavailable.
Additionally, due to microbial decomposition, PAHs and toxic metals adsorbed to
particulate organic carbon can be released back to water in dissolved form, which

enhances their bioavailability.
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Though high organic carbon concentration is associated to coarse particle size, weak
structure of organic matter can eventually result in disintegration to fine particles
(Sartor and Boyd 1974). Therefore, frequent street sweeping is necessary to reduce
organic carbon load as it can prevent the process of coarse organic matter being
grounded to fine particles. Similarly, a significant amount of dissolved organic
carbon is also found in urban pollutant build—up. The dissolved organic carbon
concentration was found to vary from 4 to 19 mg/kg depending on the land use
compared to the coarse organic carbon concentration range of 4 — 24 mg/kg in Gold
Coast, Australia (Herngren 2005). Physical treatment cannot be used for the removal
dissolved organic carbon. Chemical or biological treatment is needed for the removal
of dissolved organic carbon and associated toxic pollutants such as metals and
hydrocarbons, which can be eventually released into the water environment due to

subsequent decomposition.

2.2.3 NUTRIENTS

Nutrients encourage excessive growth of aquatic plants. The subsequent
decomposition of these plants after the death will deplete the dissolved oxygen.
(Carpenter et al. 1998). The resulting anaerobic conditions can result in acidic pH,
dissolution of toxic substances and bad odour. Nitrogen and phosphorous are some of
the most important nutrient pollutants responsible for the deterioration of water
quality (Carpenter et al. 1998). The major source of nitrogen and phosphorous is the
increased use of fertilisers (Schoonover and Lockaby 2006). Additionally, nutrients
in stormwater runoff can originate from detergents and nitrous oxide that is produced
by vehicular exhaust and lightening (Hogan and Walbridge 2007). Phosphorous is
predominantly bound to particulates due to their reduced solubility, whereas nitrogen
is primarily found in dissolved or colloidal forms due to its high solubility (Uusitalo
et al. 2000; Vaze and Chiew 2004). Particulate nitrogen and phosphorous are mainly
associated with the finer fraction of suspended solids regardless of land use type
(Miguntanna et al. 2010). Therefore, the removal of fine particles can minimise the
nutrient load transported to the receiving water sources. Miguntanna (2009) reported
that the concentration of nitrogen in wash-off is high for low rainfall intensity, while

phosphorous concentration is high for high intensity events. For example,
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concentration of nitrogen in wash-off collected from Gold Coast, Australia after the
first 5 minutes of a simulated rain event was about 16 mg/L for 20mm/hr intensity,
while it was about 2 mg/L for 135 mm/hr intensity. In contrast, phosphorous
concentration was 4 and 10 mg/L for 20 mm/hr and 135 mm/hr intensities,
respectively. In addition, Miguntanna (2009) found that concentrations of nutrients in
stormwater was high at the beginning of rainfall and then decrease with time. This

suggests that the stormwater treatment aimed at removing nutrients have to target the

first flush wash-off.

2.2.4 TOXIC METALS

Metal ions can be divided into heavy and light metals according to their specific
weights. Heavy metals are elements that have specific weights higher than 5 g/cm’,
whilst metal ions with specific weights lower than 5 g/cm’ are classified as light
metals (Zenk 1996). Heavy metals can be toxic even at low concentrations and
persistent in water (Davis et al. 2001). Additionally, certain light metals such as Al
are toxic to plants and humans (White et al. 2012). Road runoff is a major source of
these toxic metals in stormwater (Forman and Alexander 1998). The metals are
primarily contributed to road runoff from traffic related sources including wear and
tear of vehicle parts and additives in fuel and oil (Sansalone et al. 1996). Zn, Pb, Cu,
Cd, Cr, Hg and Ni are the commonly found metals in road runoff. Additionally, roof
runoff, corrosion of metal structures and some industrial activities can also contribute

metals to stormwater runoff under specific circumstances (Davis et al. 2001).

Metals are found in both particulate and dissolved forms. Sartor and Boyd (1974)
noted that high percentage of particulate bound metal ions are found attached to fine
particulates. Contradictory observations have been reported in the literature
regarding the distribution of toxic metals. For example, Bubb and Lester (1994)
reported that Cu and Zn are primarily found to be particulate bound in stormwater,
whilst Legret (1999) found that they are predominantly in dissolved form. Herngren
(2005) reported a that high fraction of toxic metals are bound to fine particulates.
These contrary findings can be attributed to the fact that the distribution of metals
between dissolved and particulate phases is influenced by factors such as pH,

concentration of colloidal particles and the type of ligands present in particles.
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Distribution of organic carbon in stormwater can also be a reason for the above
differences since Cu and Zn can form strong complexes with organic ligands (Qu and
Kelderman 2001). As such, complexation of Cu and Zn with particulate and
dissolved organic carbon could be the reason for the former and the Ilatter
observations, respectively. This complexity suggests that an in-depth investigation of
the metal speciation under various physico-chemical conditions prevailing in the
catchment is essential to develop effective stormwater pollution mitigation strategies

targeting toxic metals.

Herngren (2005) reported variations in the metal concentrations in stormwater and
these were generally below 1 mg/L, and in the order of pg/L (Concentration range
for: Zn (3-3600 pg/L); Al (< 5-640 pg/L); Pb (< 1-25 pg/L); Cu (3-390 pg/L); Cd (<
1-288 pg/L); Cr (< 1-18 pg/L)). As toxic metal ions are present at a low
concentration in stormwater, these do not degrade in the environment. However, they
can bioaccumulate in the tissues of living organisms and create significant health
problems in the long-term. The toxic nature of these metal ions inactivates the
enzyme systems of aquatic plants, which finally die off due to disturbances to their
biochemical processes such as photosynthesis and respiration (Maldonado-Magafa et
al. 2011; Rai et al. 1981). Additionally, bioaccumulation of metals in humans and
animals can cause health problems ranging from irritation to cancers (Jacobs et al.

1969; Dayan and Paine 2001).

2.2.5 HYDROCARBONS

Hydrocarbons, which are primarily made up of hydrogen and carbon, are contributed
to stormwater by sources such as traffic, forest fires and industrial activities (Brown
and Peake 2006). A range of hydrocarbon compounds is found in stormwater runoff,
among which PAHs are of particular interest since they are mutagenic and
carcinogenic even at low concentrations (Beasley and Kneale 2002). Additionally,
PAHs with smaller molecular weights are vulnerable to bacterial decomposition.
Decomposed PAHs can react with other chemical compounds in water and produce

more toxic derivatives (Cerniglia 1992).
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Herngren (2005) reported that naphthalene was the most common PAH in
residential, industrial and commercial sites at Gold Coast, Australia with
concentration varying from: residential (0.8 + 0.43 mg/L), industrial (1.11 + 0.81
mg/L) and commercial (2.01 + 2.21 mg/L). Majority of PAHs are associated with
particulates since they have low solubility in water. Therefore, only a small fraction
of PAHs is readily bioavailable. However, Smith et al. (2000) noted that high
concentrations of PAHs can be present in the dissolved phase because of adsorption
by colloidal particles such as dissolved organic carbon. As the majority of PAHs are
associated with suspended solids, physical treatment techniques such as settling
basins can reduce their concentrations particularly if adsorbed to coarse particles.
However, atmospheric fallout contributes a significant amount of PAHs associated
with fine particles, which may not settle easily in settling basins (Takada et al. 1991).
Herngren (2005) also confirmed that most PAHs were associated with fine
particulate size range. This emphasizes the importance of fine particulate removal

from urban stormwater.

2.3 TREATMENT OF STORMWATER POLLUTANTS

Currently, in Australia reuse of stormwater harvested from roofs and other urban
catchment surfaces is primarily for non-potable applications such as toilet flushing
and outdoor use. The Australian government has developed guidelines for this
purpose (NWQMS 2009). Since the guidelines are intended for non-potable use, the
primary concern is the associated health risks when humans are exposed to pollution
when the water is discharged to the environment. Consequently, the guidelines
provide a preliminary screening tool to assess whether these risks can be adequately
reduced during a specific application of stormwater. Furthermore, in primary
treatment, focus is limited to pollutants such as suspended solids, iron, phosphorous,
pathogens and carbonates. However, removal of other pollutants such as metals and
hydrocarbons is also necessary for potable reuse. Additionally, the maximum
threshold values prescribed by these guidelines are higher than those prescribed by
the Australian drinking water quality guidelines (NHMRC 2004). For example, the
threshold value for iron in the guidelines for the non-potable reuse is 10 mg/L, while

it is 0.3 mg/L in the drinking water quality guidelines.
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Though the annual volume of stormwater runoff from Australian capital cities is
comparable to the annual consumption of potable water in these cities, the utilisation
of stormwater for potable purpose has not yet been realised in Australia (Dowsett et
al. 1995). The primary reason is the stringent water quality standards compounded by
the presence of a range of pollutants in stormwater (Section 2.2). As such, the
development of an efficient, economically viable and environmentally benign
technology is imperative for potable reuse of urban stormwater. This requires a

combination of primary, secondary and tertiary treatment strategies.

The objective of the primary treatment stage is to remove gross pollutants from
stormwater runoff in order to avoid blockages in the drainage system. Since targeted
pollutants are large in size, physical treatment techniques such as screens, mesh and
traps are adequate (Allison 1998). These techniques operate based on the size or
weight of the targeted pollutants. For example, certain low-density gross pollutants
such as plastics can be removed via a floating trap, whilst a mesh can be used to trap

pollutants that are larger than the corresponding mesh size.

Secondary treatment targets mainly the removal of suspended solids using techniques
such as wetlands, filters and detention/retention basins. Carleton et al. (2001)
analysed the performance of 39 wetlands that were used to treat stormwater runoff.
They found that there was significant removal of suspended solids by wetlands
compared to other pollutants after a period of detention. However, high stormwater
flow through a wetland during an intense storm event can resuspend settled particles,
especially fine solids (Birch et al. 2004). Detention basins reduce the stormwater
flow velocity and provide time for coarse particulates to settle (Guo 1997).
Eventually, the settled pollutants are removed from the basin after water is drained
out. On the other hand, during filtration, stormwater flows through the media such as
sand, which filter out water, whilst retaining solids. These techniques are sometimes
implemented in series to increase the treatment efficiency. Even though a secondary
stormwater treatment system may effectively remove coarse particulates, they are not
very efficient in removing fine particulates or dissolved solids, especially metals and

hydrocarbons (Pontier et al. 2001; Yousef et al. 1990).
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Removal of dissolved metals is important in order to use stormwater for potable
purposes since they are relatively more hazardous than in particulate form due to
their ready bioavailability. Consequently, the treatment of dissolved metals is one of
the primary targets in tertiary treatment. As physical techniques are not suitable for
this purpose, chemical or a combination of physical and chemical methods such as

sorption, precipitation or flocculation are required (Babel and Kurniawan 2003).

2.4 TREATMENT OF DISSOLVED METALS IN STORMWATER

Several techniques such as membrane filtration, chemical precipitation, coagulation-
flocculation and sorption have been investigated for the removal of dissolved metal
ions in typical industrial wastewater (Kurniawan et al. 2006). However, stormwater
differs from industrial wastewater in many ways. Firstly, concentrations of metals in
stormwater are commonly several times lower than those of industrial wastewater
(Herngren et al. 2005; Reddy and Parupudi 1997). Secondly, the types and
concentrations of metals in stormwater even from the same catchment area can vary
depending on factors such as rainfall intensity, duration and antecedent dry period
(Herngren 2005), whilst, generally, there is no drastic variation in quantity and
characteristics in wastewater from a specific industrial process (Kumar et al. 2008).
The following discussion critically reviews the applicability of various treatment
techniques, which have been investigated for the removal of dissolved metals
primarily from industrial wastewater, for application in the removal of toxic metals

from stormwater runoff.

2.4.1 METAL IONS IN WATER

A fundamental knowledge of the chemistry of metals in aqueous solution is
necessary to better understand the scientific principles involved in toxic metal
removal techniques. Water molecules are negatively polarised due to the difference
in electronegativity between hydrogen and oxygen atoms as shown in Figure 2.1.
Due to the polarity of water molecules, metal cations are attracted to water molecules

once dissolved in water. Furthermore, water, especially urban stormwater, consists of
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other ions and molecules, which can participate in various competitive interactions

between themselves or with water molecules.

o
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Figure 2.1 Polarised water molecule

The interaction of water molecules with metal cations leads to the formation of inner
and outer sphere complexes. Negatively polarised oxygen atoms in water molecules
can attract metal cations and form an inner sphere aqua complex as illustrated in
Figure 2.2. Six water molecules are often found bound to metals (IM(H,0)]*",
where M is a metal cation) (Marcus 1988). The number of water molecules found in
the metal complex is determined by various factors including the solution

concentration and ionic size (Tunell and Lim 2006).

Bulk solution

3

Outer sphere

Inner sphere

Figure 2.2 Inner sphere and outer sphere aqua metal complex; M is a metal ion

However, depending on the chemical composition of the solution, one or more of
these water molecules may be replaced by thermodynamically preferred alternative
anions such as chloride (CI") and iodide (I') or more complex ligands such as
dicarboxylic acids. This can change the chemical structure of the complex, for
example to [M (H,0)sC1] "from [M(H,0)s]*". Whilst anions such as Cl" and I can

bind directly to the metal in proportion to their respective charges, more complex
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molecules such as dicarboxylic acids have several potential binding sites in one
molecule and form rings around the metal ion as illustrated in Figure 2.3. This
process is called ‘chelation’ (Norkus et al. 2003). The capacity for such interaction
with metal ions is influenced by factors such as the properties of metal ions, pH and

the chemical composition of solution (Ahmadi et al. 2009).
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Figure 2.3 Dicarboxylic-metal ion chelate; R can be a hydrocarbon chain

A metal cation can be present in different ionic forms depending on solution pH
(Bradl 2004). For example, chromium cation (Cr’") changes from predominantly free
Cr’" ion at pH 1 to [CrOH]*", [Cr(OH),]" and [Cr(OH)3]° as pH increases and
reaches anionic [Cr(OH)]* at pH 11. Similarly, lead cation (Pb*") changes to anionic
[Pb(OH)s]" at pH 11. Change in the chemical form of metal cations will have a
significant influence on their interaction with other molecules and binding sites.
Consequently, the speciation of metals will exert considerable influence on the
treatment techniques, especially in chemical treatment techniques. Therefore, metal
speciation in typical stormwater conditions must be investigated for the development
of an effective chemical treatment technique. Additionally, the water molecules in
the inner sphere complex develop hydrogen bonds with water molecules in bulk
solution. This leads to the formation of the outer sphere complex as illustrated in

Figure 2.2 (Martell and Hancock 1996).

2.42 MEMBRANE FILTRATION

Membrane filtration is a molecular sieving technique, in which particles that are
smaller than the membrane pore size pass through, whilst larger particles are
retained. Pressure is applied across the membrane to enhance the diffusion of water.
Ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) are some of the
membrane filtration techniques that have been investigated for the removal of

dissolved metals (Chaabane et al. 2006; Ferella et al. 2007; Mohsen-Nia et al. 2007).
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The pore size of the membranes used in UF is typically in the range of 50 - 200 A°,
which is larger than the hydrated ionic size of common metals (Table 2.1)
(Vigneswaran et al. 2005). Thus, it is highly possible for dissolved metal ions to
escape through the membrane without being trapped. Hence, UF membranes are
generally modified in order to increase their removal efficiencies, for example,
chitosan enhanced UF membrane (Juang and Shiau 2000). Chitosan is a linear
polysaccharide that contains amino acid functional groups, which can form strong
chelation with metal ions. Hence, the presence of chitosan enhances the metal
removal efficiency of a UF membrane. Another example of modified UF technique is
the addition of anionic surfactants to water. Anionic surfactants attract metal cations
and assemble them into thermodynamically stable aggregates called micelles
(Yurlova et al. 2002). A UF membrane can trap the micelles and the metal ions

attached to them, as micelles are generally larger than the membrane pore size.

Table 2.1 Hydrated ionic diameter of common metal ions (Nightingale 1959)

Metal Hydrated ionic diameter / A’
Pb*" 8.02

cd* 8.52

Cu* 8.38

Cr’ 9.22

Ni** 8.08

Zn*" 8.60

NF membranes have pore sizes smaller than UF membranes. The smallest membrane
pore size used in NF is approximately 10 A° (Yang et al. 2001). Additionally, NF
membranes have an anionic surface charge in their structure, which can also attract
metal cations to their surface. Hence, NF is more efficient in removing dissolved
solids than UF. However, NF membrane pore size is still larger than hydrated ionic
diameters of metal cations (Table 2.1). Hence, the membranes can still allow metal
ions to pass through. Therefore, similar to UF, various surface modifications have
been proposed to NF. Bougen et al. (2001) investigated the removal of Cu, Zn and
Cd using NF modified with ethylenediamine (EDA) or pyrophosphate (PP) groups.
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EDA is known to have strong affinity to form chelation with Cu, while PP can form
weak complexation with Cu and Zn. Interestingly, the removal of Cu and Zn was
about 50% regardless of the modification, while Cu removal increased to 80% from
50% for EDA modified NF. This indicates that specific modifications to a NF
membrane are necessary for the removal of each metal ion, which will incur
additional cost. Similar to UF modification, Muthukrishnan and Guha (2006)
achieved 97 to 99.5% removal of Cr by adding a surfactant to the solution. However,
the introduction of new chemical agents such as surfactants may result in human

health impacts.

The maximum pore size of RO membranes is typically 1 A’ (Bohdziewicz et al.
1999). Since the pore size is smaller than hydrated metal ionic size (Table 2.1), RO is
the most efficient membrane filtration technique for the removal of dissolved metal
ions. Additionally, it does not require any membrane modification. Liu et al. (2008)
compared the efficiency of both NF and RO for the removal of metals in water.
Greater than 95% removal was achieved using RO compared to 79% by NF.
However, RO requires high pressure to facilitate the diffusion of water due to their
very small pore size. Therefore, it may not be always economically feasible for the
removal of metals due to the high energy needed to provide the necessary pressure

for the diffusion of water across the RO membrane.

In summary, the efficiency of membrane filtration technique primarily depends on
the pore size of the membrane. A higher efficiency can be achieved with smaller
membrane pore size. However, small pore size will result in restricted diffusion of
feed. Hence, high pressure is required to improve diffusion through the membrane.
This will increase the operational cost due to the consumption of energy.
Furthermore, a relatively clean feed that is free from any suspended particles is
required to avoid membrane blockage. Even small oxidised compounds such as
chloride oxides can block the small pores of RO membranes and cause membrane
fouling (Matin et al. 2011; Potts et al. 1981). Hence, membranes have to be replaced

frequently to achieve good performance, which will incur additional cost.
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The application of membrane filtration for the treatment of dissolved metal ions in
stormwater is not feasible due to a number of reasons. Firstly, stormwater consists of
fine suspended solids and various organic and inorganic compounds, where complete
removal using conventional secondary treatment techniques is generally difficult.
Therefore, the membrane pores can be easily blocked. Secondly, treatment of
relatively large volumes of stormwater within a short time span may be required to
meet the high demand for potable water. Hence, stormwater may have to be pumped
at high pressure to speed up the diffusion through membranes. This may require
structurally strong membranes and high pressure, which will increase the capital and
operational costs, respectively. Therefore, the use of membrane filtration for the
removal of dissolved metal ions in urban stormwater may not be economically

feasible even though good removal performance can be expected.

2.4.3 CHEMICAL PRECIPITATION

Chemical precipitation is a common technique used for the removal of dissolved
metal ions from polluted water. Dissolved metal ions are precipitated as shown
below, as their hydroxides, carbonates or sulphides with the adjustment of pH above
the threshold value of precipitation and the addition of chemical reagents such as

lime and iron sulphides (Fu and Wang 2011; Dean 1972):

M" () + 1 OH (g > M(OH)ys)
2 Mn+(aq) +n Sz_(aq) < > MZSn(s)
2 M"ag+ 1 CO3 g < > M2 (CO3)ns)

The threshold pH of a certain ion can be theoretically calculated using the following

equation:

(logyo Ksp — log1o[M™*] + 14n)
n

Threshold pH = (2.1)

21



where K, is the solubility constant and [M"] is the concentration of metal ion ‘“M"".

Each metal ion has different threshold pH values depending on its solubility constant
and concentration. According to equation (2.1), metal ions that have high solubility

constants precipitate at relatively high pH.

Hydroxide precipitation using inexpensive lime is widely used compared to
carbonate and sulphide precipitation (Lewis 2010). Heavy metal hydroxides
generally have high K, values. Hence, pH of the solution has to be adjusted to the
extreme basic region to ensure the precipitation of all heavy metals (Fu and Wang
2011). Though high pH does not cause any health risks, it can alter the taste of water
(NHMRC 2004). Hence, further treatment is required to reduce the alkalinity of the
treated water to the level prescribed by water quality guidelines (NHMRC 2004).
However, sulphide and carbonate precipitation techniques can avoid this additional
treatment step since K, values for heavy metal sulphides and carbonates are lower
than that of heavy metal hydroxides (Fu and Wang 2011). Thus, the threshold pH for
heavy metals is generally low, which ensures the precipitation of heavy metals even
at neutral pH conditions. Charerntanyarak et al. (1999) found that utilising both
hydroxide and sulphide precipitation in combination enhances the removal of heavy
metals. Similarly, Feng et al. (2000) found that complete removal of heavy metals

could be achieved using combined sulphide and hydroxide precipitation.

Patterson et al. (1977) investigated carbonate precipitation of Zn, Ni, Cd and Pb in
detail and compared its efficiency with hydroxide precipitation. According to the
results of their study, for Ni and Zn, carbonate precipitation technique did not have
any additional advantages in terms of removal efficiency or sludge settling.
However, Pb and Cd carbonate precipitates were found to have better sludge
settleability than their hydroxide. However, there are significant disadvantages in
using sulphide and carbonate precipitation techniques. Sulphide precipitation can
produce toxic hydrogen sulphide gas (H,S). On the other hand, carbonate
precipitation process can produce carbon dioxide (CO;), which is a greenhouse gas
contributing to global warming (Crear 2001). Additionally, metal carbonates and

sulphides tend to be colloidal precipitates, which can have settling problems (Sukola
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et al. 2005). Therefore, sulphide and carbonate precipitation techniques have

limitations in the application to stormwater treatment.

The main drawback of precipitation is the production of chemical sludge, which
requires additional treatment and specialised handling. Furthermore, precipitation is
generally a relatively slow process and not efficient in the low concentration range
(Bose et al. 2002). In stormwater, toxic metals are found in low concentrations.
Additionally, large amounts of chemicals are generally required to achieve complete
removal of toxic metals (Jiittner et al. 2000). In the context of treating large volumes
of stormwater for potable purposes, chemical precipitation is not economically
feasible. Additionally, further treatment of any remaining chemical reagents in

treated stormwater may be required.

Electrochemical precipitation is a modification of conventional chemical
precipitation. Instead of chemical reagents, a voltage is applied across the metal
solution, whilst pH is adjusted above the threshold pH (Kongsricharoern and
Polprasert 1995). Though precipitation of metals is enhanced and accelerated by
electrochemical precipitation, this technique is expensive and not economically

viable to treat large volumes of water (Kurniawan et al. 2006).

2.4.4 COAGULATION-FLOCCULATION

Coagulation and flocculation occur in successive steps. During the coagulation step,
a coagulant such as aluminium sulphate, ferrous sulphate or ferric chloride is added
in order to form microflocs of colloids by neutralising the charges that keep the
particulates apart. Following the coagulation step, flocculation occurs, in which the
particle size of microflocs is increased using flocculants such as polyferric sulphate
and polyacrylamide and removed via filtration or gravity settling (Semerjian and

Ayoub 2003).

In general, coagulation-flocculation technique is used for the treatment of metals that

are bound to particulates and is considered inefficient in the removal of metals
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complexed with water or other small ligands such as Cl" (Chang and Wang 2007).
Hence, additional treatment steps are required for the complete removal of dissolved
metal ions. In contrast, the potential of coagulation-flocculation technique for almost
complete removal of dissolved Cu was reported by Li et al. (2003). They used
sodium diethyldithiocarbamate as the coagulant agent and maintained a sodium

diethyldithiocarbamate to Cu molar ratio of 0.8 to 1.2 to achieve complete removal.

Several novel coagulants have been developed for the removal of metals by grafting
various ligands to existing coagulants. For example, Chaudhari and Tare (1999)
investigated water-soluble starch xanthate for the removal of mercury (Hg), Cu, Cd
and Ni. Starch xanthate was produced by incorporating a ligand called xanthate,
which has a strong affinity for heavy metals, into starch. Notably, the removal of Cd
and Ni was relatively ineffective compared to Hg and Cu. The ineffectiveness was
attributed to the formation of colloidal cadmium-xanthate and nickel-xanthate
complexes, which are difficult to remove from water. Formation of such colloids can
be a potential problem in using the coagulation-flocculation technique in the removal
of metal ions since it will result in relatively longer settling time. In such cases, the
addition of further nucleating sites is required to increase the settling rate. It is
worthy of note that the coagulation process is more efficient if the water is turbid,
since the turbidity can provide more nucleating sites to form larger flocs (Gregor et

al. 1997). Hence, the turbidity of stormwater can be used positively for this process.

Aluminium based coagulants are the most common coagulants used in water
treatment. However, aluminium is considered toxic (White et al. 2012). Hence, the
use of aluminium salts is not desired in the treatment of stormwater, especially for
potable use. Another option is ferric-based coagulants, which are relatively safer than
aluminium salts. However, it should be noted that high concentration of iron in water
results in colour and taste issues, which could make the water unpalatable (NHMRC
2004). Hence, a clear understanding of the optimum dose of ferric salts required is
essential to achieve an adequate level of metal removal without increasing the

concentration of iron in water beyond the prescribed level for drinking water.
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Large amounts of chemical coagulants may be required for the treatment of large
volumes of stormwater. These chemical agents are often expensive and could
increase the cost of treatment (Ayoub et al. 2001). As such, the use of stormwater for
potable purposes can become economically unfeasible. Consequently, research
studies have focused on the use of low cost and non-toxic natural coagulants based
on vegetable and mineral products (Ndabigengesere et al. 1985). However, the
coagulation-flocculation technique produces chemical sludge, for which additional
treatment is required prior to disposal (Selcuk 2005). This will incur additional
operational costs and has environmental consequences, which can make the

technique unviable.

In recent years, electrocoagulation has gained considerable attention due to its
efficiency (Biswas and Lazarescu 1991). In electrocoagulation, coagulants are
produced by dissolving metal anodes instead of adding chemical coagulants. For
example, an aluminium anode is used to produce aluminium coagulant. Thus,
secondary pollution caused by the addition of chemical coagulants can be avoided in
electrocoagulation. The cathode will release hydrogen gas, which carries the
coagulated particles to the water surface and keeps them afloat (Chen 2004).
Adhoum et al. (2004) investigated the removal of Cu, Zn and Cr from electroplating
wastewater and reported that the removal of metals occurred at a rapid rate. The
concentrations of investigated metals were reduced below the legal limits within 20
minutes. Furthermore, electrocoagulation can minimise the amount of chemical
sludge, thereby reducing the additional treatment cost (Cenkin and Belevtsev 1985).
However, the drinking water quality level for toxic metals is more stringent than for
industrial wastewater quality limits. Hence, the mere reduction below the legal limits
prescribed for industrial wastewater is not satisfactory. In the context of stormwater,
electrochemical techniques may not be economically feasible since these are

generally energy intensive.

2.4.5 SORPTION

Sorption is a general term used to encompass any physical or chemical process that
retains the ‘sorbates’ on the surface of a ‘sorbent’ (Del Campillo et al. 1999). A

sorbent is a material that has the required properties for retaining compounds or ions
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or substances, which are collectively called sorbates. Various materials ranging from
agricultural wastes (Ajmal et al. 1998; Garg et al. 2008) to commercial sorbents
(Geng-Fuhrman et al. 2007; Minceva et al. 2008) have been investigated for the

removal of metals from water.

The main advantages of the sorption technique include its effectiveness over a wide
range of metal concentrations and simplicity of application (Minceva et al. 2008).
For example, Conrad and Bruun Hansen (2007) investigated the sorption of Zn and
Pb in low concentration solution (in the order of pg/L) and reported more than 90%
removal for both metals. Similarly, peat exhibited more than 90% efficiency in
removing Ni, Cu, Cd and Zn that were present at high concentrations (in the order of
mg/L) (Gosset et al. 1986). However, capital and regeneration cost can limit the use
of some sorbents for stormwater treatment, where large quantities of sorbent are
required to treat large volumes of stormwater (Kesraoui-Ouki et al. 1994). For
example, use of activated carbon is not economically viable for the treatment of
metals in stormwater due to its high capital and regeneration cost (Minceva et al.
2008). However, many low cost natural sorbents such as zeolite, clay and biomass
can be used for the sorption of metals (Bailey et al. 1999; Kurniawan et al. 2006).
Hence, cost is an important criterion in selecting sorbents for the removal of metal

ions from water.

Several reviews published on the use of low cost sorbents for the removal of metal
ions in water highlight the significant potential that low cost sorbent materials have
in water treatment (Bailey et al. 1999; Babel and Kurniawan 2003; Dabrowski et al.
2004; Kurniawan et al. 2006; Demirbas 2008; Wan Ngah and Hanafiah 2008; Gupta
et al. 2009; Wang and Chen 2009). The disposal of sorbents after treatment is of
concern as the sorbents will contain metal ions in high concentration. Some studies
have noted that successful regeneration is possible, during which the sorbed metal
ions are released back to a chemical reagent such as ammonium acetate (Baran et al.
2007; Yu et al. 2001). The quantity of chemical reagent required for this process is
significantly low. Consequently, the metal ions can be recovered from the chemical

reagent that contains the concentrated metals using chemical precipitation, if the
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metal ions are economically valuable or otherwise the solution can be safely

disposed.

However, the major drawback in the sorption technique is the preferential removal of
certain metal ions over the others, which results in poor removal of less preferred
metal ions. For example, Holan and Volesky (1995) reported that fungal biomass
showed high affinity to sorb Pb over Cd and Ni. This resulted in moderate sorption
of Cd and poor sorption of Ni since most active sites were occupied by Pb. Wang and
Chen (2009) produced the following affinity series for metal sorption by biosorbents
based on a number of research studies: Cd > Co > Cr > Fe (Iron) > Ni > Pb > Hg >
Zn. This highlights that sorption of Cd is most preferred by biosorbents, whilst poor
removal of Hg and Zn can be expected. Stormwater is a multi component system
consisting of various pollutants including diverse species of metal ions. As such, the
preferential sorption of sorbents can result in inadequate removal of certain metal
ions. Consequently, the treated water will require additional treatment for the

removal of these metal ions, which will incur additional cost.

Though sorption is an economically viable and environmentally benign technique
compared to other techniques, preferential sorption needs to be rectified in order for
use in the removal of metal ions in stormwater. Hence, fundamental knowledge of
sorption science is essential for enhancing the affinity for the sorption of dissolved

metal ions in a multi metal system such as stormwater.

2.5 CONCLUSIONS

The pollutants generated by anthropogenic activities in urban areas are transported
by the stormwater runoff to receiving water bodies, consequently deteriorating the
quality and degrading the ecosystem health. The primary stormwater pollutants are
suspended solids, organic carbon, hydrocarbons, toxic metals and nutrients, among
which metals and some hydrocarbons can result in adverse impacts even at low
concentrations. Dissolved forms of metals and hydrocarbons are more hazardous

than their particulate form due to their ready bioavailability to organisms.
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On the other hand, water scarcity is a major problem facing many urban areas. Using
stormwater as an alternative potable water source is a logical solution as it is
available in large volumes, accessible in most parts of the world and can reduce the
deterioration of the quality of natural water sources. However, treatment of
stormwater to the level prescribed by drinking water guidelines is necessary for
potable reuse and there are primary, secondary and tertiary strategies available for
this purpose. Large particles and coarse solids in stormwater can be effectively

treated by primary and secondary techniques, respectively.

However, these techniques are not efficient for the removal of dissolved pollutants
such as dissolved metals, for which chemical techniques or physico-chemical
techniques are necessary. Various removal techniques such as membrane filtration,
precipitation and coagulation and flocculation have been investigated for the
treatment of dissolved toxic metals. The use of membrane filtration technique is not
economically viable and operationally complex for efficient treatment of metal ions
in stormwater due to the need for high pressure and clean feed, respectively. On the
other hand, the need for further treatment and specialised handling for the disposal of
large quantities of chemical sludge are the primary drawbacks in using chemical
precipitation or coagulation-flocculation techniques for the removal of dissolved

metals in stormwater.

In contrast, use of low cost sorbents is an economically viable and environmentally
benign technique in comparison to membrane filtration, chemical precipitation and
coagulation-flocculation techniques. However, the preferential sorption of certain
metal ions over the others by the sorbents is the main disadvantage of the sorption
technique since it can result in inadequate removal of certain metals. Therefore, it is
necessary to have an in-depth understanding of the sorption processes to modify the

affinity of the sorbent materials to achieve the desired removal of metal ions.
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Chapter 3: Review of sorption science and
modelling

3.1 BACKGROUND

In Chapter 2, it was concluded that sorption is a preferred technique for the removal
of dissolved metal ions from stormwater compared to other commonly available
techniques such as chemical precipitation and membrane filtration due to better
economic and environmental benefits. However, the preference of sorbent materials
for the sorption of selected metal ions was identified as the key issue to be addressed
to utilise the sorption technique for the treatment of metals in stormwater since
preferential sorption could result in inadequate removal of other metal ions.
Therefore, fundamental knowledge regarding the different sorption processes is
essential to develop approaches to enhance the affinity of sorbents for the sorption of
dissolved metal ions. As defined in Section 2.4.5, sorption is a common term to
denote various mechanisms. The mechanisms employed by sorbent materials are
complex and are often found operating in combination in the removal of metals in
water (Panayotova 2001; Erdem et al. 2004). There are different types of surface
retention mechanisms reported in the literature and the most common processes are

ion exchange and adsorption.

3.2 ION EXCHANGE

Ion exchange is not a strict chemical reaction, but rather it is a redistribution of ions
between solid and liquid phases (Inglezakis and Poulopoulos 2006). Several
synthetic commercial cation exchange resins such as amberlite, dewex, ambersep and
amberjet have been investigated for their efficiencies in removing dissolved metal
cations (Sapari et al. 1996; Rengaraj et al. 2003). The resins contain H' ions that can

be exchanged for metal cations in the solution as follows:

R-H+M" <—>» R-M'+H'
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- + . . . + . .
where R™-H' is an ion exchange resin and M is a metal ion.

The main advantages of these resins are high removal efficiencies and rapid removal
rates (Kang et al. 2004). Therefore, they are ideal for the treatment of relatively large
volumes of stormwater for potable use in shortest possible time. Amberlite, amberjet,
dewex and ambersep have exhibited complete removal of Zn, Cr and Ni from initial
metal concentrations ranging from 2-750 mg/L (Rengaraj et al. 2003; Sapari et al.
1996). However, commercial products are generally expensive, especially for use in

the treatment of large volumes of stormwater.

Consequently, attention has been focused on the use of relatively inexpensive natural
sorbent materials such as clay, zeolite and peat moss that have shown ion exchange
properties due to the presence of exchangeable cations in their structure. For
example, zeolite and clay have negative charges in their framework, which are
generally balanced by exchangeable extra framework cations such as hydronium
(H;0"), sodium (Na"), calcium (Ca’") and potassium (K (Bailey et al. 1999).
Various research studies have noted a decrease in pH of solution due to the release of
H;0" during ion exchange. Bunzl et al. (1976) noted that two H' ions are released
during the uptake of divalent metal cations by peat suggesting the existence of ion
exchange process during sorption. Similarly, Pitcher et al. (2004) reported that Na"
ions are released during the sorption of Pb, Cu, Zn and Cd by zeolite indicating the
occurrence of the ion exchange process. However, most commonly, the amount of
exchangeable cations released to the solution does not reflect the stoichiometric
relationship of the ion exchange process between metal cations in solution and the
exchangeable cations in sorbents (Angove et al. 1997). This suggests that other
mechanisms such as adsorption often operate in combination with ion exchange

during sorption.

The ion exchange process is driven by the Le Chatelier's principle and depends on
the physical and chemical conditions prevailing in the system. Le Chatelier's
principle states that if an equilibrium system is disturbed by a change in conditions

such as concentration, the equilibrium will shift to counteract the effect of such
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disturbance (Le Chatelier 1884). Introduction of a sorbent in metal solution divides
the system into solids and liquid phases. Solid phase contains exchangeable cations
such as H;O", Na', Ca’" and K" at higher concentration, whilst metal ions are found
in higher concentration in the liquid phase. This uneven distribution of ions between
solid and liquid phases disturbs the equilibrium of the system (De Villiers et al.
1997). Therefore, according to Le Chatelier’s principle, some exchangeable cations
will move into solution, whilst some metal ions will be transferred to the sorbent to
restore the system back to equilibrium. The amount of exchangeable cations and
metal ions, which engage in the exchange process, is influenced by a temperature
dependent equilibrium constant. Furthermore, metals subject to ion exchange can be
desorbed back to the bulk solution depending on the physical and chemical
conditions of the system such as pH and temperature (Murzin and Salmi 2005).
Consequently, sorbents can be regenerated in a controlled environment by providing
favourable physico-chemical conditions for the desorption of metals, which can be

eventually safely disposed.

A multi element system such as stormwater consists of various metal ions. The
tendency of a metal ion for participating in the exchange depends on the strength of
interaction between the specific metal ion and water molecules (Colella 1996). The
strength of interaction is dependent on the hydration energy, which is defined as the
energy released when one mole of a substance is dissolved into solution (Dimitriu et
al. 2007). In other words, it is the energy released due to the formation of aqua metal
complexes during the dissolution of a metal ion in water. Some metals release more
energy during the formation of aqua complex. Hence, they have high hydration
energy. As a result, more energy is required to detach water molecules from the
metal cations in order to facilitate bonding with the active sites in the sorbents. As
such, metals with high hydration energy will stay in solution instead of detaching the
water molecules and being exchanged for cations in the sorbents (Eisenman 1962).
Consequently, metals with low hydration energy are preferred for participation in the

ion exchange process. Hydration energy of selected metal ions is given in Table 3.1.
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Table 3.1 Hydration energies of common metal ions (Marcus 1991)
Metal ion Hydration energy/ (kJ/mol)

Pb -1425
Cd -1755
Zn -1955
Ni -1980
Cu -2010
Cr -4010

Based on the hydration energy, it can be concluded that the affinity of metals for ion
exchange must ideally follow Pb > Cd > Zn > Ni > Cu > Cr. Hence, poor preference
of sorbents in relation to some metals such as Cu and Cr is a major drawback in
using the ion exchange mechanism for the removal of metals from a multi metal

system such as stormwater.

3.3 ADSORPTION

Adsorption or surface adsorption is a result of the attraction between negative and
positive charges in the sorbent system. For example, metal cations in solution are
attracted by a sorbent because of the negative charges present in its framework
structure. The primary difference between ion exchange and adsorption mechanisms
is that there is no exchange of ions involved in the adsorption mechanism.
Adsorption can be broadly classified into physisorption and chemisorption depending
on the characteristics of the bonding between metal cations and the sorbent active
sites. During physisorption, dipole interaction is developed when metal cations
approach the negative sites of sorbents. Due to this, a relatively weak van der Waals
attractive force is developed between outer sphere of metal cations and sorbent
framework (Inglezakis and Poulopoulos 2006). Therefore, physisorption is an outer
sphere complexation process and strong chemical bonds are not formed since
electron transfer does not occur between molecules. As such, physisorption causes
only a very small change in enthalpy during the sorption of metals (Inglezakis and
Poulopoulos 2006). Hence, heat of sorption for the physisorption mechanism is

typically 20 - 40 kJ/mol (Inglezakis and Poulopoulos 2006). The sorption activation
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energy (E) for the physisorption mechanism is typically less than 8 kJ/mol (Uluozlu
et al. 2008).

The strength of physisorption largely depends on the strength of dipole interaction.
Though dipole interaction is stable at low temperatures, increase in the temperature
weakens the interaction, which causes desorption of metal ions (Murzin and Salmi
2005). The interaction is stronger when the molecules are closer to each other.
Physisorption of metal ions by sorbent materials depends on the charge densities of
the metal ions (Erdem et al. 2004). Charge density of an ion is given by the following

equation:

Charge density = r% (3.1

where Q is the amount of electric charge of the cation and r is the ionic radius (Bosso
and Enzweiler 2002). Charge densities of selected metal ions are given in Table 3.2

(determined based on the ionic radius extracted from Pfleger and wolf 1975).

Table 3.2 Charge densities of common metal ions
Metal ion Charge density / (10"°C/m)

Pb 8.6
Cd 9.8
Zn 34
Ni 2.2
Cu 10.1
Cr 14.8

Cations with high charge densities have a strong cationic field. Therefore, their
interaction with an anionic field of sorbents is stronger than with the cations with low
charge densities (Eisenman 1962). Consequently, the physisorption force is stronger

for cations with high charge densities. Multilayer formation (Figure 3.1) is possible
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during physisorption since physisorbed cations can form hydrogen bonding with

water molecules in bulk solution (Nagao 1971).

Figure 3.1 Schematic diagram of a multilayer formation in the external surface

of a sorbent (+ denotes metal cation)

Many studies have reported the existence of the physisorption mechanism in the
sorption of metals by various sorbents. Apiratikul and Pavasant (2008) found that the
mean sorption activation energies for the sorption of Pb, Cu and Cd by coal fly ash
were 2.55, 1.57 and 2.05 kJ/mol, respectively. This is within the range for
physisorption mechanism. Horsfall Jnr and Spiff (2005) found that the sorption
activation energies for Pb and Cd by wild cocoyam were negative indicating the
sorption process is of a physical nature. Furthermore, based on the heat of sorption,
Dorota (2011) concluded that the primary mechanism employed by the investigated

commercial sorbents for the sorption of Cu was physisorption.

On the other hand, several studies have noted that the chemisorption mechanism
plays a role during the sorption of metal ions. For example, Ardmbula-Villazana et
al. (2006) found that the activation energy for the sorption of Cd by Mexican zeolite
was in the range for chemisorption. Ho et al. (2001) concluded that sorption of Pb on
peat followed the chemisorption mechanism. The chemisorption mechanism was
responsible in the sorption of Cd by akaganéite type crystals (Deliyanni and Matis
2005) and in the sorption of Pb, Cr, Cd and Ni by clinoptilolite (Mozgawa and Bajda
2005).

Chemisorption is an inner sphere complexation phenomenon, in which metal ions
participate in the exchange of electrons with the active sites that are present on the

external surface or inside the pores of the sorbent. This results in the formation of a
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strong metal-ligand complex. For example, the metal-hydroxide complexation is

illustrated in Figure 3.2.

9 @

OH- OH- OH- OH- OH-

Sorbent

(2) (b)

Figure 3.2 Chemisorption of metal ions with hydroxyl functional groups: (a) on
the external surface; (b) inside a pore explained using two dimensional

schematic diagram (+ denotes metal cation)

Unlike physisorption, the chemisorption mechanism has to overcome an activation
energy barrier. Therefore, significant enthalpy change is observed during the
chemisorption process. Heat of sorption in the case of chemisorption is high,
typically in the range of 40-800 kJ/mol (Haque et al. 1968; Inglezakis and
Poulopoulos 2006).

In the case of physisorption, the distance between metal cations and the surface of
sorbents is longer. In contrast, chemisorption bonds are formed close to the surface
of the sorbents (Murzin and Salmi 2005). Metal ions strongly interact with the
surface of sorbent, which prevents hydrogen bond formation with other molecules in
the bulk solution. Therefore, a monolayer can be formed during chemisorption as

illustrated in Figure 3.3.

DHEHHEOE

Sorbent

Figure 3.3 Schematic diagram of a monolayer formation on the external surface

of sorbent (+ denotes metal cation)

Desorption of chemisorbed metal ions from the sorbent framework is difficult due to
the strong bond that is formed. In contrast, metal cations sorbed via physisorption

can be easily desorbed by means of chemical agents such as ammonium acetate.
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Therefore, desorption studies with ammonium acetate have been used effectively to
distinguish the contribution of chemisorption to the overall removal of metals

(Mozgawa and Bajda 2005).

The chemisorption process can be explained by Lewis Hard Soft Acid Base (HSAB)
theory, which is widely used to understand the chemical reaction between cations
and anions in a qualitative context (Pearson 1963). Lewis acid is defined as any
molecule that has the ability to accept electrons, while the molecule that donates the
electrons is called Lewis base. Accordingly, metal cations act as Lewis acids,
whereas ligands are Lewis bases. HSAB theory classifies metal ions and ligands into
hard, intermediate and soft categories as listed in Table 3.3. ‘Hard’ and ‘soft’ are
relative terms and the corresponding acids or bases are distinguished based on their
properties including electronegativity, polarizability and ionic size (Pearson 1963).
For example, a base with low electronegativity is regarded as a ‘soft’ species, which
prefers to bond with a soft cation. Thus, according to HSAB theory, hard acids

generally prefer to bind to hard bases, and soft acids prefer to bind to soft bases.

Table 3.3 Classification of acids and bases into hard, intermediate and soft
categories (Pearson 1968)

Hard Intermediate Soft
Acid Na', K, Ca%, Ni2+, Cu2+, Zn2+, Cd%, Ag+, Hg2+
Mg2+, A13+, crt Pb2+, Fe?*
Base H,O, NO;, OH, Br-, SO;*,N,, N5~ H, I, $,05%, RS,
CH’COO, COs%, RS
'RO", ROH

Note:
'R stands for an alkyl or aryl group

However, the main limitation of HSAB theory is that it is qualitative and the
comparison of the ‘hardness’ or ‘softness’ of two acids or bases is not possible. For
example, though Na" and K" are hard acids, the relative hardness of one over the

other is not readily known. For this purpose, Parr and Pearson (1983) proposed a
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property called ‘absolute hardness (1)’ based on the ionisation potential (I) and

electron affinity (A) of a species ‘s’ as shown in equation (3.2).

Ns = %(Is — As) (3.2)

The absolute hardness can be used to compare the hardness of two metals such that
the metal ion with a high value is relatively harder. Klopman (1968) observed that
‘softness’ is correlated to the tendency of an acid or base to form covalent bonding,
while ‘hardness’ is associated with the tendency of an acid or base to participate in
ionic bonding. Based on this concept, Hancock and Marsicano (1978) proposed
equation (3.3) for predicting the chemical hardness of acids and bases (H) based on

the tendency of a metal ion or ligand to form ionic (E) or covalent bonds (C).

E
H=c (3.3)

The above parameter (H) provides a reasonable estimation of hardness of metal acids
(Hancock and Marsicano 1978). Thus, the parameter ‘H’ can be used for comparing
the relative hardness or softness of different metal ions. The H values for some

common metal ions found in stormwater are tabulated in Table 3.4.

Table 3.4 H values of metal ions (Hancock and Martell 1989)

Metal ion H
Cu™ 2.68
cd* 3.31
Ni** 3.37
Zn*" 4.26
Pb>" 6.69
Cr’ 7.14
N 10.50
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Similar to ion exchange, the adsorption mechanism is also selective in the sorption of
metals in water. The affinity for metal ions when the physisorption mechanism is in
operation is primarily influenced by the charge densities, whilst chemical hardness of
metals governs the affinity for the chemisorption mechanism. Therefore, it is
essential to investigate potential methods for modifying the affinity of the adsorption

mechanism.

The removal of metals using sorbents is a complex chemical process involving
several sorption mechanisms such as physisorption, chemisorption and ion exchange
operating simultaneously. The knowledge in relation to the isotherm, kinetics and
thermodynamics of the mechanisms employed by sorbents for the removal of metal
ions is useful in understanding the sorption system and in controlling the sorption
process. Consequently, it is essential to model the isotherm, kinetics and
thermodynamics of the sorption processes and, for this purpose, fundamental

knowledge on various modelling approaches available is imperative.

3.4 SORPTION MODELLING

Two approaches are generally used for modelling a sorption system (Pagnanelli et al.

2002):
1.  Mechanistic approach;

2. Empirical approach.

In the mechanistic approach, models are derived to represent the behaviour of a
system based purely on fundamental scientific theories. In contrast, in the empirical
approach, models are derived for a system based on experimental data (Volesky
2003). However, real world systems are generally too complex to be represented by
theoretical models alone. On the other hand, though empirical models can provide
real time information about a system, these details hardly have any physical meaning
unless interpreted using established theories (Wang and Chen 2009). Therefore,
modelling a system requires a combination of both approaches, where they can

complement each other (Nestorov et al. 1999).
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In modelling the behaviour of an unknown sorption system, experimental studies are
conducted under well-defined conditions. The data obtained from the experiments
are compared against the standard theoretical models that are developed by assuming
well-defined sorption scenarios. Then, the sorption system under investigation is
described based on how well the experimental data fit the standard models (Altin et
al. 1998; Allen et al. 2004; Foo and Hameed 2010). For example, if a system fits a
standard model, then it is concluded that the system closely resembles the sorption

scenario, for which the model was developed.

3.4.1 ISOTHERM MODELLING
Isotherm models are used to describe the equilibrium of ions between solid and
solution phases. Sorption isotherm models can also be used to calculate the

maximum sorption capacity of a sorbent and to establish the affinity series.

Isotherm models are widely used in sorption studies and are derived by assuming that
the equilibrium sorption behaviour only depends on the temperature of the system.
Consequently, the temperature of the system is maintained constant. In contrast, in
most experimental studies, pH of the system is not controlled (Ho et al. 2002; Erdem
et al. 2004), even though, the equilibrium behaviour depends on the pH of the system
(Bosma and Wesselingh 1998). Thus, it is recommended that the metal solution
should be prepared using pH buffer solution instead of deionised water. This will

ensure minimal change in the pH of solution during the sorption experiment.

Various isotherm models have been developed for different sorption scenarios.
Among them, Langmuir and Freundlich models are widely used to determine
whether the sorption is of monolayer or multilayer nature, which can be specifically

useful to predict the type of adsorption mechanisms involved (Section 3.3).
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(A) LANGMUIR ISOTHERM MODEL

Langmuir isotherm model is developed for an ideal homogeneous sorption scenario.
Homogeneous sorption occurs if sorption sites of a sorbent are identical and
equivalent. Thus, every sorption site in the sorbent has equal affinity to sorb metal
ions (Kundu and Gupta 2006). Langmuir isotherm model also assumes that there is
no further interaction or migration between sorbed metal ions (Vijayaraghavan et al.
2006). Therefore, a rigid layer of only one molecule in thickness (a monolayer) is
formed during ideal Langmuir sorption. Additionally, no further sorption or
desorption occurs once all sorption sites are occupied by metal ions. Langmuir

isotherm equation is given as (Langmuir 1916):

_ dmKaCe

=——— 3.4
¢ 1+K,C, S

where C. and Q. are equilibrium metal concentration in the solution (mg/L) and
equilibrium sorption capacity (mg/g), respectively. qm (mg/g) and K, (L/mg) are
Langmuir constants related to maximum sorption capacity and energy of sorption (or

affinity term) respectively.

The following linearised form of Langmuir isotherm is often used in sorption studies:

. __1 +Ce (3.5)
Qe dmKa dm '

(B) FREUNDLICH ISOTHERM MODEL

Freundlich isotherm characterises a more complex scenario than the Langmuir
isotherm. The scenario is that the sorption sites are heterogeneous, which means they
are not identical and equivalent. Thus, the sorption sites have different degree of
affinity for the sorption of metal ions in such a way that stronger sorption sites are
occupied first by metal ions and sorption continues until the weakest site is occupied.
In Freundlich sorption scenario, formation of multilayer sorption is possible since

sorbed metal ions can attract other molecules from the bulk solution.
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Freundlich isotherm model is governed by following equation (Freundlich 1906):

&) (3.6)
Qe = KFCe

where K¢ is Freundlich constant (mg/g) and n is Freundlich exponent.

The K constant is an indicator of adsorption capacity, while n is the indicator of
intensity of the reaction (Rengaraj et al. 2001). The n values can be used to predict
the nature of the interaction between the metal ion and the sorbent (Foo and Hamid
2010). A ‘n’ value greater than 1 implies that the sorption of metal ions is modified
in a way that the metal sorption capacity of sorbents is increased such as revealing
previously inaccessible active sites (Jiang et al. 2002). In contrast, n value less than 1
indicates that the bond between active sites and metal ions are weaker. Consequently,
metal ions are preferred to form a hydrogen bond with already sorbed metals instead
of bonding with the active sites of sorbents. Therefore, n value less than 1

corresponds to physisorption or ion exchange.

Linear form of Freundlich isotherm is given by:

1
log Q. = log Ky + Hlog Ce (3.7)

3.4.2 KINETICS MODELLING
Sorption kinetics describes the mobility of a metal ion in the bulk solution until it is
immobilised by the active sites of the sorbent material. Typically, the metal sorption

kinetics consists of four steps (Argun et al. 2007; McKay and Poots 1980):
1. Diffusion through the bulk solution;

2. Boundary layer diffusion;
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3. Intraparticle diffusion;

4. Sorption to active sites (metal binding process).

The first three steps mentioned above are illustrated in Figure 3.4. The existence of
intraparticle diffusion (step 3) has been noted for non-porous materials (Sag and
Aktay 2000). Hence, the term is not restricted to pore diffusion and can be extended

to diffusion into cracks on the external surface of the sorbent.

Figure 3.4 Schematic diagram illustrating the diffusion of an ion through the
bulk solution, boundary layer and intraparticle site (Red circles denote the

metal ion and the arrows indicate the diffusion directions)

The overall metal removal rate depends on the rates of each of these steps. The metal
removal rate is of particular interest in the design of the treatment system since
crucial design parameters such as residence time and reactor dimensions are
determined based on the metal removal rate. Additionally, the diffusion rates can
determine the affinity of a sorbent for a specific metal such that the metal with a
rapid diffusion rate has a high probability to bond with the active sites of the sorbent
provided such interaction is favourable in terms of energy. The rates are generally

determined using kinetics models discussed below.

(A) DIFFUSION MODELLING
Weber and Morris (1965) noted the mathematical dependence of the diffusion

processes on the square root of time. Consequently, sorption capacity (Qy) vs. square
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root of time (Vt) plots are used to understand the diffusion processes and to
determine the diffusion rates. As observed in a number of studies (Ho et al. 1996;
Basha and Murthy 2007), a typical Q; vs. Vt graph generally consists of three regions
(Figure 3.5):

1. Initial linear portion due to the boundary layer restriction;
2. Second linear portion corresponding to intraparticle restriction;

3. Plateau attributed to the equilibrium or near equilibrium.

Region 3
Q 8

Region 2

Region 1

vt

Figure 3.5 Q; vs. Vt graph showing the three linear regions

The boundary layer diffusion is significant at the early stage of diffusion (Ho et al.
1996; McKay et al. 1987). Hence, the boundary layer diffusion rate is generally
determined from the slope of the initial linear portion of C/Cy vs. t plot (Cy is the
initial metal concentration and C; is the concentration of the remaining metal ions in
the solution at time t) (McKay and Poots 1984; Forster et al. 1985) or simply using
the following equation (Ho et al. 1996):

(Co = Cs)

Boundary layer diffusion rate =
5Cy

(3.8)

where Cs is the concentration of metal ion in solution after 5 minutes.

The second linear region of Q; vs. Vt graph is attributed to the intraparticle diffusion

phenomenon. Two models, Vermeulen (Vermeulen 1953) and Weber-Morris (Weber
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and Morris 1962), are generally used to describe the intraparticle diffusion. The

Vermeulen model is represented by the following equation:

Q= Qe j (1- e<_%)) (3.9)

Where D, is the Vermeulen intraparticle diffusion coefficient and d, is the average

particle size of sorbents.

The following equation describes the Weber-Morris model:

Q: = Kwmvt +1 (3.10)

Where Kwuy is the Weber-Morris constant related to intraparticle diffusion rate and I

is the y-intercept related to the boundary layer thickness.

The parameter, Kwy, is generally determined by linear regression of sorption
capacity data between t = 0 and tjm, Where tjm is the first break point, i.e. the first
point when the system achieves its equilibrium status. It should be noted that Kwwm
does not represent the intraparticle diffusion rate, rather it is a measure of
intraparticle diffusion rate. Hence, Crank (1975) proposed the following equation to

calculate the intraparticle diffusion rate (Dwy) from Kyw:

dp KWM

70, )2 3.11)

Dwm = m(

(B) MODELLING METAL BINDING PROCESS

The metal binding rates can be calculated using the pseudo first order model
proposed by Lagergren (1898) or pseudo second order model proposed by Ho and
McKay (1998). Pseudo first order model is described by the following equation:
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dQ;

= KiQe— Qo (3.12)

where K| is the pseudo first order reaction rate.

Integrating equation (3.12) with the boundary layer conditions (t =0, Q; = 0) and (t =
t, Q¢ = Qy) gives:

In(Qe — Q) = InQ — Kyt (3.13)

The metal binding rate can be found from the slope of the plot of In(Q. - Qy) vs. t. As
Ho et al. (1998) have pointed out, the equilibrium sorption capacity must be known
to fit the pseudo first order model to the experimental data. Thus, Ho et al. (1998)
argue that the model is complex since it is difficult to find the accurate equilibrium
sorption capacity, if chemisorption, which is generally slow, is involved in the metal
sorption. In such cases, complex trial and error analysis is required. Hence, Ho et al.

(1998) proposed pseudo second order model given by the following equation:

d
% = K3(Qe — Q1)? (.19

where K is the pseudo second order reaction rate.

Integrating equation (3.14) with the boundary conditions (t =0, Q; = 0) and (t=t, Q;
= Q) gives:

1 1
Q- Q7 .

The linearised form of the equation is:

L i+it (3.16)
Qe K2Q% Q. '
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From the slope and intercept of t/Q; vs. t plot, the pseudo second order metal binding
rate can be found and the equilibrium sorption capacity is not required to fit the
experiment data. In addition, Ho et al. (1998) concluded that pseudo second order
model best describes the metal binding process than the pseudo first order model

after testing both models using data available in research literature.

However, the necessity for equilibrium sorption capacity to fit the experimental data
with the pseudo first order model can be avoided by rearranging equation (3.13) as
shown in equation (3.17) and undertake non-linear regression using Solver function

in Microsoft Excel®.

Qr = Qe(1 —e71%) (3.17)

Hence, it is necessary to fit both models with the experimental data and the model

that best fits the experimental data can be used to determine the metal binding rate.

(C) IDENTIFICATION OF RATE-LIMITING STEP

Each sorption kinetics step occurs at a certain rate depending on the properties of the
sorbent, the metal ion and solution. The step that controls the overall metal removal
rate is defined as the rate-limiting step (Ray 1983). Identification of the rate-limiting
step is necessary for process modification. For example, if the boundary layer is
limiting the overall removal rate, high agitation can be used to increase the rate by

reducing the boundary layer thickness.

Four steps are generally considered in the study of sorption kinetics as listed in
Section 3.4.2. In general, step 1 is considered relatively rapid in an agitated system as
the ions can move freely in the bulk solution, especially in water, the viscosity of
which is relatively low. Similarly, in general, sorption of ions to active sites (step 4)
is a spontaneous process (El-Bishtawi and Ali 2001; Horsfall Jnr and Spiff 2005).
Hence, this step is also regarded as relatively fast (Vadivelan and Kumar 2005).
Thus, only the diffusion restriction (steps 2 and 3) is assumed to control the metal

removal rate in most research studies (Guibal et al. 1998; Keskinkan et al. 2004; Hui
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et al. 2005; Herrero et al. 2011). However, sorption of metals to active sites (step 4)
can also be rate limiting, especially in the case of chemisorption (Ho and McKay
1998). Hence, considering step 4 of sorption kinetics as rapid may not be suitable in

all cases.

The diffusion rate in step 2 depends on the properties of the boundary layer formed at
the surface of the sorbent, while the porosity of the material primarily determines the
rate of intraparticle diffusion (step 3). In case the material has very large pores, but a
thick boundary layer, then, in relative terms, the diffusion through the boundary layer
(i.e. the boundary layer diffusion) is the rate-limiting step. In contrast, intraparticle
diffusion is the rate-determining step if the sorbent has small pore sizes and a thin

boundary layer.

Primarily graphical methods are used for the identification of the rate-limiting step.
One of the methods is based on the Weber-Morris model (equation 3.10). In Weber-
Morris model, the parameter ‘I’ corresponds to the thickness of the boundary layer.
Consequently, intraparticle diffusion is considered as the sole rate-limiting step if [ =
0, which implies that no boundary layer exists to resist the diffusion. In contrast, both
intraparticle and the boundary diffusion are the rate-limiting stages if I > 0

(Kalavathy et al. 2005; Shen and Duvnjak 2005).

The other commonly used graphical method is based on the relationship between

Kwwm and the initial metal concentration (Cy):

Kwm = A (Co)* (3.18)

where A is a constant and x is 0.5 if the intraparticle diffusion is the only rate-
limiting step (Keskinkan et al. 2004). That is, a plot of Kwy vs. \/Co should be a
straight line passing through the origin if intraparticle diffusion is the sole rate-

limiting step.
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However, there is a fundamental issue in the use of these methods to determine the
rate-limiting step. In the equations (3.10) and (3.18), it is assumed that only
intraparticle and boundary layer diffusion contribute to the metal removal rate.
However, sorption to active sites can also contribute to the overall metal removal
rate. Hence, it is necessary to account for the metal binding rate when determining
the rate-limiting step. Another problem is that these methods do not provide any
information as to what extent these steps limit the overall removal rate. Such
knowledge is necessary for deciding whether any process modification is required.
For example, if the contribution of the boundary layer diffusion in controlling the
overall metal removal rate is minimal, it may not be economically viable to provide

energy intensive agitation to reduce the boundary layer thickness.

Apiratikul et al. (2008) suggested a relative coefficient (RC) to evaluate the degree of
each rate-limiting step in controlling the overall metal removal rate as given in

equation 3.19:

RC = — (3.19)

Low RC indicates that sorption is controlled predominantly by intraparticle diffusion.
Thus, the lower the RC, the higher the degree of influence of intraparticle diffusion
in limiting the overall metal removal rate. However, the main drawback of this
approach is that it does not have any mathematical basis. Therefore, it is necessary to
develop a mathematically rigorous methodology for the analysis of the rate-limiting
step that would provide more insight in relation to the degree of contribution by each

kinetics step in limiting the overall metal removal rate.

3.43 THERMODYNAMICS MODELLING

The primary thermodynamics parameters are enthalpy change (AH®), entropy change
(AS”) and free energy change (AG®), which can be used to predict the feasibility and
the spontaneity of the sorption process. The following equations are used to calculate

these parameters (Adebowale et al. 2008):

48



AG® = —RTInKp (3.20)

where R is the universal gas constant, T is the absolute temperature and Ky is the

distribution coefficient given as:

K, = Lo Ce) G321)
(S9Ce '

where mg and v are the mass of the sorbent and volume of solution, respectively.

In addition, AG? can be defined in terms of AH" and ASO, which is:

AG® = AH® — TAS® (3.22)

Thus, combining equations 3.20 and 3.22 gives:

AS° AH®

_ (3.23)
2.303R  2.303RT

logKp =

AH" and AS° can be calculated from the slope and intercept of log Kp vs. (1/T) plot,

respectively.

It is worthy of noting that the sorption process depends on the physico-chemical
conditions of the system such as pH. Hence, the experimental conditions in the
sorption system have to be properly controlled to study the isotherm, kinetics and
thermodynamics of the metal sorption mechanisms employed by the sorbent
materials. Hence, it is important to understand the impacts of the experimental
conditions such as temperature, initial metal concentration, sorbent dose and pH on

the removal of metals.
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3.5 INFLUENCE OF EXPERIMENTAL CONDITIONS ON SORPTION

Ziyath et al. (2011) published a review on the influence of physical and chemical
parameters on the treatment of metals in polluted stormwater by zeolite, which is a
low cost sorbent. The sections related to the effect of experimental conditions of
solution on metal sorption by zeolite are reproduced from the paper in the following
subsections with minor changes. Though the discussion is based on zeolite, it should
be noted that the fundamental science in relation to the influence of these parameters

is generally similar for any sorbent.

3.5.1 pH

pH values are used as an indirect measurement of the concentration of H;O" ions in
solution and it is one of the crucial parameters in the sorption of metals by zeolites.
pH of stormwater is typically in the range of 6.5-7.7 (Herngren et al. 2005).
However, it is possible to have stormwater with lower pH, especially if it flows over
acidic soils or due to acid rain. At low pH, H;O" can effectively compete with metal
cations for sorption sites of zeolites. As a result, the sorption of metals can be
reduced (Inglezakis et al. 2003; Motsi et al. 2009). Furthermore, the competition by
H;0" can slow down the rate of metal uptake. For example, Hui et al. (2005) noted
that complete removal of metal ions occurred within 60 minutes at pH 4, whereas it
took 120 minutes at pH 3. This emphasizes that the development of sorption
technique for stormwater treatment needs to select a suitable retention time at
optimum pH for the effective removal of metals. The competition of H;O" with
metal ions for sorption sites depends on several factors such as the concentration and
type of metal ions. For instance, metals that are selective to zeolite and present in

high concentration can out-compete H;O" ions for the sorption sites of zeolite.

In such cases, the metal solution becomes basic after the introduction of zeolites due
to the uptake of H;O" ions from solution by zeolites. This occurs mainly via the

. + .
exchange of extra framework cations for H;O " ions as shown below:

Ze-M' +2H,0 «—— Ze-H;0"+ M+ OH
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where Ze and M denote zeolite and extra framework cation respectively.

Metal hydroxide precipitation can occur if pH of solution increases above the
threshold pH level of precipitation of a particular metal ion. Ok et al. (2007) reported
substantial increase in the sorption of metals at pH higher than 6 due to the possible
precipitation of the metal ions. The hydroxide precipitation of metal ions in the basic
region has been reported in several studies including Oren and Kaya (2006), Wark et
al. (1993), Pitcher et al. (2004) and Hui et al. (2005). However, hydroxide
precipitation can re-dissolve when pH of the solution is changed to the acidic region

and the metal ion can be released back to solution (Pitcher et al. 2004).

Furthermore, pH has a profound effect on the formation of metal complexes. Metals
can form various metal complexes depending on the pH of the solution. For example,
Cr ion is predominantly present as [Cr(OH),]" at pH 7 and as [Cr(OH)4] at pH 10
(Vaca Mier et al. 2001). In general, zeolites have very little affinity to anionic
complexes due to their negative framework structure (Haggerty and Bowman 1994).
Therefore, sorption of a particular metal can be reduced if pH of the solution is

favourable to form anionic metal complexes.

Apart from affecting the characteristics of metal ions and their sorption, pH can also
affect the structure of zeolites. The aluminosilicate structure is vulnerable to strong
basic and acidic environments. Strong bases can lead to desilication, whereas strong
acids can dissolve Al atoms. Consequently, the zeolite structure can be destroyed at
extreme pH values, which in turn can reduce sorption (Mishra and Tiwari 2006; Rao
et al. 2006). Since zeolite is capable of changing pH of the solution as discussed
above, there is a possibility for these processes to occur during the treatment of
polluted water. Dealumination is of particular concern due to potential health impacts
on humans. Australian drinking guidelines has set 0.1 mg/L as the maximum
allowable limit of Al (NHMRC 2004). However, this limit is not based on health
considerations due to the lack of data to set a health-based guideline. Hence, it has
been highly recommended to keep the Al concentration as low as possible if the

treated stormwater is intended to be used for potable purposes. This emphasises the
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importance of detailed investigation of the dealumination processes of zeolite when

introduced to polluted stormwater.

3.5.2 TEMPERATURE

Temperature of solution influences metal sorption mainly by enhancing the diffusion
of hydrated metal ions (Inglezakis et al. 2004). Energy of metal ionic complex in
solution increases with increasing temperature. As a result, hydrated metal ions strip
off some of the water molecules from their hydrated complexes leading to the
reduction of their ionic size (Barros et al. 2004). This facilitates the diffusion of
metal cations into the pores and consequently increases sorption as the metal ions can
access the extra sorption sites available. Seward et al. (1999) reported that the
increase in temperature from 25 °C to 300 °C only reduced the distance between
metal ion and water by approximately 0.005 nm resulting in only a slight reduction in
the size of metal aqua complex. However, the size reduction can have an impact on
some metal ion complexes that only have a few water molecules. In addition, studies
have reported that increasing the temperature to 60 "C results in only a slight increase
in sorption by zeolites possibly due to the insignificant impact on the size reduction
of the metal aqua complex (Wang et al. 2006; Stylianou et al. 2007; Ismail et al.
2010). Hence, enhancing sorption by increasing the temperature is not economically

attractive as it involves the consumption of energy (Ismail et al. 2010).

In contrast, some studies have observed a significant increase in the sorption of
metals with the increase in temperature. For example, Curkovic et al. (1997) reported
that the Pb sorption capacity of zeolite increased from approximately 0.30 mmol/g at
4°C to 0.55 mmol/g at 70 °C. Similarly, sorption capacity for Cd increased from 0.13
to 0.28 mmol/g. Malliou et al. (1994) also reported that sorption of Pb and Cd
increased with temperature. Therefore, the effect of temperature appears to be
dependent on other physical and chemical factors such as the strength of metal-water
complexes and the characteristics of the sorbent pores. Thus, knowledge on the
contribution of these factors can provide a basis for the selection of an optimum

treatment temperature.
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3.5.3 SORBENT DOSE

Increasing zeolite dose increases the amount of available sorption sites. Therefore, in
theory, metal sorption must increase with increasing zeolite dose. In addition, metal
sorption rate increases at high zeolite dose since it reduces the competition between
metal ions due to the availability of more sorption sites (Oren and Kaya 2006;
Apiratikul and Pavasant 2008; Ismail et al. 2010; Jamil et al. 2010). However, high
zeolite dose increases pH of the system, which successively affects the removal of

metals.

In addition, sodium pretreated zeolites contain extra framework cations, mainly Na
ions in the structure. Consequently, a high amount of Na ions can be released into
solution due to the exchange with metals and/or H;0" ions when a high zeolite dose
is used. Na ions cannot be easily removed from water and can alter the taste if the
concentration exceeds 180 mg/L. (NHMRC 2004). Furthermore, there can be health
impacts (NHMRC 2004). On the other hand, an adequate amount of zeolite must be
available to ensure the removal of metals below the safe level. Zeolite dose,
therefore, needs to be optimised considering the factors discussed above. For this
optimisation, the impact of increasing zeolite dose on sodium concentration in
solution needs to be systematically studied. Alvarez-Ayuso et al. (2003) used 10 g/L
as the optimum zeolite dose to obtain the maximum possible removal of metals.
10g/L of zeolite has been used by other researchers such as Kocaoba et al. (2007)
and Garcia-Sanchez et al. (1999) as a standard dose. However, this concentration
cannot be taken as a datum value since it is also dependent on the initial metal

concentration.

Large volumes of stormwater need to be treated to meet the demand for the potable
water. Hence, a large quantity of zeolite is required for the treatment. Disposal of a
large quantity of used zeolite can be another operational issue that needs to be
addressed. The prospect of regenerating zeolite after use has been discussed in

research literature (Blanchard et al. 1984; Katsou et al. 2011).
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3.5.4 INITIAL METAL CONCENTRATION

Research studies report contradictory observations regarding the effect of initial
metal concentration on the removal of metals. The following three different sorption
behaviours have been reported in the literature when the initial metal concentration is

increased:

1. Decrease in percentage uptake of metal ions (Erdem et al. 2004; Hui et al.

2005; Wang et al. 2006; Ibrahim et al. 2010);
2. No effect on metal sorption (Ouki and Kavannagh 1997);

3. Increase in sorption capacity of zeolite for up to a certain initial metal
concentration, above which there is only a slight increase in sorption (Oren

and Kaya 2006; Kocaoba et al. 2007).

In a typical experimental study to evaluate the influence of initial metal
concentration, zeolite dose is usually kept constant, meaning the number of available
sorption sites is fixed. When the initial metal concentration is increased, the sorption
sites available for the uptake of metal ions can become inadequate. This may be the
possible reason for the first type of observation mentioned above. As for the
observation by Ouki and Kavannagh (1997), the availability of an abundance of
sorption sites in zeolite could have been the reason for the complete removal of metal
ions in the concentration range studied. In the case of the third observation given
above, zeolite could have been exhausted since the active sites were occupied by the
ions. Thus, a significant increase in metal uptake was not observed beyond a certain
initial metal concentration. These observations demonstrate that there is a close
relationship between the metal concentration and zeolite dose. Thus, some research
studies use metal concentration to zeolite dose ratio to discuss the effect of these

inter-dependent parameters (Ahmed et al. 1998; Alvarez-Ayuso et al. 2003).

Depending on the catchment characteristics, stormwater can contain a range of metal
jons such as Na' and magnesium (Mg”"), which can compete for the sorption sites of
zeolite along with the common toxic metals. However, the effect of the presence of
other metal ions on the sorption of the toxic metals has been investigated in relatively

few studies (Ouki et al. 1997; Baker et al. 2009). Therefore, knowledge of the
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chemical composition of stormwater can be the starting point in the development of

sorption technology.

3.6 CONCLUSIONS

Ion exchange and adsorption are the two common sorption mechanisms involved in
the removal of metals by sorbents. lon exchange is primarily influenced by hydration
energy and the adsorption mechanism can be divided into physisorption and
chemisorption. Physisorption is a weak interaction between active sites and metal
ions and is influenced by charge densities of metal ions. In contrast, electron transfer
occurs between metal ions and active sites during chemisorption. Hence, the bond is
relatively stronger than in the case of physisorption. Chemisorption is generally
governed by HSAB theory. The major drawback in the sorption technique is that
depending on the hydration energies, charge densities and chemical hardness of
metal ions, sorbents have a preference for the removal of certain metal ions leading

to the poor removal of less preferred metal ions.

Sorption of metal ions is a complex process involving various mechanisms operating
in parallel. Consequently, both mechanistic and empirical approaches are necessary
in modelling a sorbent system. In general, a sorbent system is modelled based on
isotherm, kinetics and thermodynamics characteristics. Freundlich and Langmuir
1sotherm models are generally used to investigate the sorption mechanisms, while the
thermodynamics parameters such as enthalpy change and free energy change are
useful in predicting the feasibility and spontaneity of the sorption process. The
knowledge of the metal sorption kinetics is useful to enhance the overall metal
removal rate. Though there are methods to identify the step that limits the overall
metal removal rate, they are primarily based on the assumption that only diffusion
processes restrict the overall metal removal rate. However, metal binding process can
also be rate limiting when the chemisorption mechanism is influencing the sorption
of metal ions. Furthermore, there is no mathematically established approach to
determine the degree of contribution of each kinetics step in limiting the overall
metal removal rate. Additionally, the sorption technique is sensitive to physical and

chemical conditions of the system such as pH, temperature, initial metal
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concentration and sorbent dose. Hence, these parameters must be appropriately

managed in sorption experiments.
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Chapter 4: Research methods and design

4.1 BACKGROUND

Sorption is an economically viable and environmentally benign technique for the
removal of dissolved metals in water. However, fundamental knowledge regarding
the mechanisms employed by sorbents is essential for the design of an effective
water treatment system. Defining the metal sorption mechanisms is complex,
especially when the sorbent is introduced into a multi metal system such as
stormwater, due to competition between metal ions for binding sites of the sorbent.
Additionally, as discussed in Section 3.5, physico-chemical conditions of the solution
such as pH and temperature can have an influence on the sorption mechanism.

Therefore, these factors need to be taken into consideration in the research design.

This chapter describes the research design adopted to achieve the aims and objective
of the research study. The discussion includes an outline of the research
methodology, the experimental procedures, the test methods and the data analysis
techniques. The experimental procedures describe the isotherm, kinetics and
thermodynamics studies undertaken, whilst the test methods explain the equipment
and procedures used to measure various physical and chemical parameters needed for

the envisaged analysis to be undertaken.

4.2 RESEARCH METHODOLOGY
The research methodology comprised of the following phases:
e  Critical review of literature;
e Sorbent selection;
e  Experimental procedures;
e Test methods;

e Data analysis.
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4.2.1 CRITICAL REVIEW OF LITERATURE

A comprehensive state-of-the-art review of research literature was carried out to gain

an in-depth understanding of current state of knowledge in the following areas:

Stormwater pollutants and their adverse impacts;

o Treatment of stormwater pollutants, specifically dissolved metals;
e Mechanisms associated with sorption process;

e Influence of physical and chemical parameters on sorption;

e Approaches in modelling a sorption system and identification of input

parameters for modelling.

Based on the critical review, the knowledge gaps with research significance were
identified and research problem and hypotheses were formulated. Furthermore, the
knowledge acquired from the literature review formed the basis for the formulation
of research methods and the identification of data required to test the research

hypotheses.

4.2.2 SORBENT SELECTION

The literature review highlighted that the metal removal performance of sorbents is
dependent on the experimental conditions (Section 3.5). Hence, the comparison of
sorbent materials must be undertaken based on the metal removal performance
determined under similar experimental conditions. However, there are large number
of sorbents available. Hence, it is difficult to evaluate the performance of each of
them for comparison. Therefore, based on the review of the literature, six sorbents,
namely, zeolite, clay, activated carbon, seaweed, corncob and sugarcane bagasse

were selected as they encapsulate a diversity of the following selection criteria:
e Sorption affinity for metals;
e Cost;
o Environmental impacts in relation to sourcing of sorbents;

e Biodegradability;

58



o Degree of leaching of toxic compounds.

Selected sorbents were then evaluated using a multi criteria analytical protocol for
their performance in relation to the above criteria and the best performing sorbents

were selected for further investigation in the research project (Chapter 5).

4.2.3 EXPERIMENTAL PROCEDURES

The common approach adopted to define any metal sorption process is the
investigation of different aspects of the mechanisms, such as isotherm, kinetics and
thermodynamics behaviour individually, and then, the knowledge created from these
individual studies being extended to define the overall sorption mechanism. This
approach has been successfully used in past studies. For example, Argun et al. (2007)
used this approach to characterise the mechanism employed by oak sawdust for the
sorption of Cu, Ni and Cr. Similarly, Panayotova (2001) defined the mechanism

employed by zeolite for the sorption of Cu, based on kinetics and thermodynamics.

Accordingly, batch sorption experiments were conducted to characterise the
isotherm, kinetics and thermodynamics characteristics of the mechanisms (Section
3.4) employed by the individual sorbents in removing a particular metal. One of the
aims of this research project was to define the mechanism employed by mixtures of
sorbents, which in theory, should help to overcome the constraints associated with
the affinity of sorbents for the sorption of specific metal species. Accordingly,
mixtures of sorbent materials were prepared and their metal removal mechanisms

were investigated.

4.2.4 TEST METHODS

The mechanisms employed by the sorbent materials can be classified as ion
exchange and adsorption (Sections 3.2 and 3.3). Ion exchange is related to the cation
exchange capacity of sorbents (CEC), whilst adsorption is associated with the type
and amount of negative sites in sorbents. These two properties of sorbents were

characterised using ammonium acetate method (Section 4.4.2) and the titration
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method (Section 4.4.3), respectively. The concentration of metals is the main input
parameter needed by the theoretical models (Section 3.4) for defining the relevant
mechanisms. The metal concentration was measured using Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES) and Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) (Section 4.4.4). Relevant quality control procedures
(Section 4.5) were adopted to maintain the validity of the test data.

4.2.5 DATA ANALYSIS

Univariate and multivariate techniques were used to analyse the data generated from
the laboratory experiments. Univariate analysis included linear regression analysis
and basic statistical operations such as mean and standard deviation, whilst
PROMETHEE (Preference Ranking Organisation METHod for Enrichment
Evaluations) and GAIA (Graphical Analysis for Interactive Assistance) were the key
multivariate techniques used (Section 4.6). The data analysis primarily focused on
defining the sorption mechanism based on the data acquired from the kinetics and
thermodynamics experiments. Finally, metal removal performance and mechanisms
of the mixtures were compared with that of the individual sorbents in order to
identify the influential parameters responsible for the effective removal of metal ions

from water.

4.3 EXPERIMENTAL PROCEDURES
4.3.1 SORBENTS

The sorbent materials investigated in this study are listed in Table 4.1. Photographs

of the materials are shown in Figure 4.1.
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Table 4.1 Sorbent materials

Sorbents Species

Source

Zeolite Clinoptilolite

Granular activated Untreated

carbon charcoal

Clay Montmorillonite

Sugarcane bagasse -

Corncob -

Seaweed Ecklonia radiata

Zeolite Australia Pty Ltd

Sigma Aldrich Pty Ltd

Sigma Aldrich Pty Ltd

Centre for Sugar Research and
Innovation, Queensland University

of Technology
Local market

Murdoch, Western Australia

Figure 4.1 Sorbent materials: (a) Zeolite; (b) Granular activated carbon; (c)

Clay; (d) Sugarcane bagasse; (e) Seaweed; (f) Corncob
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Physical and/or chemical pretreatment of a sorbent enhances its metal removal
capacity and various techniques have been proposed for this purpose (Inglezakis et
al. 2001; Wan Ngah and Hanafiah 2008). However, in this study, extensive chemical
pretreatment was avoided to prevent secondary pollution resulting from potential
leaching of these chemicals from sorbents. Additionally, if large volumes of
stormwater need to be treated, it will require large quantities of sorbents. Thus, using
expensive chemicals to pretreat large amounts of sorbents will increase the capital
cost. Therefore, the following relatively inexpensive pretreatment techniques were

adopted in this research study.

Zeolite was pretreated by equilibrating with 1 M sodium chloride (NaCl) for 24
hours. This has been proven to enhance the sorption capacity since the extra
framework cations, such as Ca®" and K" are replaced with easily exchangeable Na"
ions (Zamzow et al. 1990; Wingenfelder et al. 2005). Activated carbon and
sugarcane bagasse were thoroughly washed with deionised water and oven dried
overnight. Corncob and seaweed were coarsely crushed using mortar and pestle
before washing with deionised water and drying overnight. The sorbents were
washed with deionised water in order to reduce the discoloration of water during

treatment. Clay was used as received.

4.3.2 METAL SOLUTION

As identified from the review of research literature, Zn, Cu, Cd, Pb, Ni, Cr and Al
are the common toxic metals present in stormwater (Herngren 2005) and their
removal using sorbents were investigated in this study. Synthetic metal solutions
containing these metals ions were prepared by dissolving the corresponding metal
nitrates sourced from Sigma Aldrich Pty Ltd (Table 4.2) in deionised water or pH
buffer. The metal nitrates were used since nitrate anions neither form any metal-
anion complexes nor hydrolyse (Peric et al. 2004). Hence, the nitrate anions do not

interfere with the metal sorption process of the sorbent materials.
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Table 4.2 Metal nitrates used in this study

Name Formula Grade
Zinc nitrate Zn(NO;),.6H,O Reagent, 98%
Copper nitrate Cu(NO3),.3H,0 Reagent, 98%
Cadmium nitrate Cd(NO3),.4H,0 Reagent, 98%
Lead nitrate Pb(NO;), Reagent, 99%
Nickel nitrate Ni(NO3),.3H,0 Reagent, 99%
Chromium nitrate Cr(NOs)3.9H,0 Reagent, 99%
Aluminium nitrate AI(NO3)3'9H,0 Reagent, 98%

Multi metal stock solutions (concentration: 1 g/L) were prepared and serially diluted
to the required metal concentration. Two types of metal solutions were prepared. The
first type was high concentration solutions (20, 50, 100 and 200 mg/L), which was
used to define the metal sorption mechanisms. The high metal concentration values
were selected to investigate the mechanism in order to ensure that the system was not
exhausted, i.e. complete removal of metals from solution, which will not provide
adequate information regarding the equilibrium characteristics of the sorbent
materials. Additionally, pH buffer was used for the preparation of stock solution and
its dilution in order to avoid any changes during the experiment since pH has an

influence on the sorption mechanism (Section 3.5).

As discussed in Section 2.2.4, the typical concentrations of metals in stormwater are
in the order of pg/L (concentration range for: Zn (3-3600 pg/L); Al (< 5-640 pg/L);
Pb (< 1-25 pg/L); Cu (3-390 pg/L); Cd (< 1-288 pg/L); Cr (< 1-18 pg/L)) (Herngren
2005). Hence, low concentration solutions (200 pg/L) were prepared to investigate
the metal removal performance of sorbents in a tertiary stormwater treatment
scenario, i.e. stormwater with the presence of dissolved metals. Consequently, the
stock solution for low concentration solution was prepared using deionised water and
serially diluted to 200 pg/L concentration using deionised water. The pH was
adjusted to replicate typical stormwater pH of approximately 6.5, using sodium

hydroxide (NaOH) and nitric acid (HNOs3) as appropriate.
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4.3.3 PERFORMANCE OF SORBENT MATERIALS

Performance of sorbent materials in removing metals from stormwater was
investigated by introducing the sorbents to the low concentration solution, which
replicated a tertiary stormwater treatment system (concentration: 200 pg/L; pH 6.5)

(Figure 4.2).

Figure 4.2 Batch experimental set up

As identified in the literature review, a sorbent dose of 10 g/L is suggested for
optimal metal removal performance for an initial metal concentration in the order of
mg/L (Alvarez-Ayuso et al. 2003). However, in this study, the metal removal
performance of the sorbents was evaluated for a lower concentration range.
Consequently, the use of high sorbent dose can result in the complete removal of
metals from the solution, which will make it difficult to compare the metal removal
performance of different sorbents. Consequently, a low sorbent dose of 1 g/L, which

can sufficiently accommodate measurement error, was selected.

The system was agitated at 200 rpm using a magnetic stirrer in a constant room
temperature (22+1 °C). pH of the solution was not modified in order to reflect a
practical treatment scenario, where controlling the pH of a large volume of water can
be difficult. 20 mL sample was withdrawn after 24 hours, which was generally

sufficient to reach equilibrium for the investigated sorbents (Kadirvelu and
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Namasivayam 2003; Bektas et al. 2004; Gupta et al. 2005; Karnitz et al. 2007;
Murphy et al. 2008; Tan et al. 2010). The withdrawn samples were filtered through
0.45 pum glass fibre membrane filters, acidified with HNOj3 and stored in plastic vials
until analysis. The metal concentrations in the samples were measured in triplicate
using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) and the sorption
capacity (Q;) was calculated using the following equation (Hui et al. 2005):

Co—C
Q== 4.1)
s/v

where C; is the metal concentration in solution at time ‘t’. In this case, C; and Q; were
equal to equilibrium metal concentration (C.) and equilibrium metal sorption
capacity (Q.), respectively. The metal sorption capacities were used in the evaluation

of the performance of sorbent materials (Chapter 5).

4.3.4 DEFINING THE METAL SORPTION MECHANISM

As identified in the review of research literature, the mechanisms employed by the
sorbents for the removal of metals are defined based on the kinetics, thermodynamics
and isotherm behaviour (Argun et al. 2007). The data required for the kinetics,
isotherm and thermodynamics investigation of sorption mechanisms were generated
using batch experiments described below. Furthermore, it was identified from the
review of research literature that pH, temperature, sorbent dose and initial metal
concentration are the primary experimental parameters that influence the metal
sorption mechanisms (Section 3.5). Therefore, these parameters were controlled

throughout the batch experiments.

(A) KINETICS AND ISOTHERM STUDIES

Volumetric flasks containing 500 mL of metal buffer solution (200 mg/L) and the
sorbent (dose: 10 g/L) were agitated using a magnetic stirrer at 200 rpm in a constant
room temperature (22+1 °C). The experiment was conducted for 25 hours. 5 mL of

sample was withdrawn after 5, 10, 20, 40, 60, 120, 180, 270, 360 and 1500 minutes

65



and diluted to 25 mL. The samples were filtered through 0.45 pm glass fibre
membrane filters, acidified with HNOj3 and stored in plastic vials until Inductively
Coupled Plasma-Optical Emission Spectrometry (ICP-OES) analysis. Additionally,
pH of the solution was measured at the end of the experiment. The metal
concentration in the samples were measured in triplicate using ICP-OES and the
amount of metal removed at each time interval by a gram of sorbent was determined
using equation (4.1). The experimental data was fitted to the theoretical kinetics
models (Section 3.4.2) to analyse their diffusion characteristics and to identify the
steps that limit the metal removal rate of sorbents. Additionally, the equilibrium
sorption capacity for isotherm modelling was determined using the kinetics

experimental data.

(B) THERMODYNAMICS STUDIES

The thermodynamics experiments were conducted by placing the volumetric flasks
containing the sorbent (dose: 10 g/L) and metal buffer solution (200 mg/L) in a
constant temperature water bath at temperatures of 20 °C, 30 °C, 40 °C and 50 °C
(Figure 4.3). The system was manually agitated at 15 minute intervals. After the
equilibrium time, which was determined based on the kinetics studies discussed in
Section 4.3.4 (A), 20 mL of samples were withdrawn and filtered through 0.45 pm
glass fibre membrane filters. The equilibrium metal concentration in solution was
measured using ICP-OES. The thermodynamics parameters were determined using

the models discussed in Section 3.4.3.

Figure 4.3 Experimental setup for thermodynamics studies
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44 TEST METHODS
44.1 pH

pH is a measure of acidic or alkaline nature of a solution and it is calculated based on

the concentration of H' ions according to the following equation:

pH = —log;o[H"] (4.2)

where [H'] denotes the concentration of H' ions.

Metal removal mechanism is dependent on the pH of the solution (Section 3.5.1).
Additionally, pH controls metal speciation, which has an influence on the interaction
of metal ions with the active sites of a sorbent as discussed in Section 3.5.1.
Therefore, controlling the pH of the solution is crucial in sorption studies. A pH
probe (Model: TPS 1J44) attached to a combined pH/EC meter (Model: TPS AQUA-
pH-mV-Temperature meter) was used for pH measurement (Figure 4.4). Calibration
of pH/EC meter and verification of the method are discussed in Section 4.5.2.

Calibrated pH/EC meter was immersed into solution to record its pH.

Figure 4.4 pH probe and pH/EC meter
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4.4.2 CATION EXCHANGE CAPACITY

Cation exchange capacity (CEC) is a measure of the ability of a sorbent to exchange
the cations present in the structure for the cations in the solution. Accordingly, CEC
was determined in order to understand the ion exchange characteristics of a sorbent.
Theoretically, CEC is measured based on the elemental composition of the sorbent
(Kesraoui-Ouki et al. 1993). The amount of cations, which are generally considered
involved in the cation exchange process in 1 g of sorbent, is used as the theoretical
CEC. However, not all of these cations are available for exchange. For example, the
cations present in inaccessible sites do not necessarily participate in the cation
exchange process (Inglezakis 2005). Therefore, the parameter, ‘effective cation
exchange capacity (ECEC)’determined using experimental techniques is generally
used for practical application (Robertson et al. 1999) since ECEC provides a
practical estimation of the cation exchange property. In this study, the ammonium
acetate method recommended by the International Soil Reference and Information
Centre (ISRIC) (1992) was used to determine ECEC of the sorbents. Though this
method was developed for soil analysis, it has been used as a standard technique to
determine ECEC of various sorbent materials (Vazquez et al. 2008; Wu et al. 2008).
ECEC determined using this technique is based on the amount of ammonium uptake

from the solution by the sorbent.

2 g of sorbent was stirred with 1 M ammonium acetate (NHsAc) at pH 7 in a
magnetic stirrer for three days. Then, the solution was decanted and a fresh batch of
I M NH4Ac was added to the system. After another three days, the sorbent was
filtered and washed with 20 mL of 1 M NH4Ac five times, 20 mL of 1 M ammonium
chloride (NH4Cl; pH 7) four times and with 0.25 M NH4Cl (pH 7) once. Thereafter,
the sorbent was washed with methanol to remove excess ammonium (NH,") ions that
were not held by the sorbent. Methanol washing was stopped if no silver chloride
(AgCl) precipitation was observed when silver nitrate (AgNO3) was added to effluent
methanol. Finally, the beaker containing the sorbent was covered with a clean tissue
and allowed to air dry for two days. Afterwards, 50 mL of deionised water was added
to the beaker containing dry sorbent and the beaker was covered with a clean
polythene wrap to minimise the escape of NH4" ions as ammonia gas (NH3) during

the analysis. An opening was made on the wrap and an ammonia selective electrode
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(Model: TPS ISE) connected to the combined pH/EC meter was immersed into
solution through the opening. The electrode was firmly tapped to dislodge any air
bubbles trapped in its membrane. 0.5 mL of 10 M NaOH was added to the solution,
which moves the reaction given below to the left hand side to balance the increase in

OH'’ concentration in solution due to the addition of NaOH:

NHsg) + HyOq) «—>  NHy (4 + OH )

This produces NH3 gas, which diffuses through the membrane and creates a voltage
difference inside the electrode proportional to the ammonium concentration in
solution. The voltage difference was measured using the combined pH/EC meter and

displayed in millivolts (mV).

The concentration of NH," in solution was determined from the calibration curve
(Section 4.5.4) and ECEC of the sorbent was calculated using the following

equation:

ECEC = 50 x Cy “43)
"~ mg x 10-5 ‘

where ECEC is in meq/100g, 50 is the volume of water added to the dry sorbent in
mL, Cy is the concentration of ammonium ion in solution (mol/L) and m;s is the

weight of dry sorbent (g).

4.4.3 QUANTIFICATION OF NEGATIVE SITES

Several types of functional groups are available in a sorbent material and they are
commonly found in acidic form due to the complexation with H" ion. For example,
carboxylic functional group is found as carboxylic acid. The negativity of the
functional groups present in sorbents can attract the metal cations and sorb them via

either physisorption or chemisorption mechanisms. For example, carboxylic
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functional group (COO™H") can attract a metal ion (M™") via physisorption (COOH -
M"") or chemisorption (COO'M"™") depending on the characteristics of the bonding.
Spectroscopic techniques can be used to identify the available functional groups.
However, these techniques quantify all the functional groups available in the
sorbents instead of considering the ones that can participate in the sorption process.
Hence, in this study, acid-base titration method was used to determine the types and

to quantify the amount of negative sites in the structure of the sorbents.

The functional groups present in biosorbents can be broadly divided into carboxylic
(-COOH), hydroxyl (-OH) and lactonic (-COO) groups (Basso et al. 2002), which
can be quantified using Boehm titration technique (Boehm 1994). The technique uses
three bases, namely, sodium hydroxide (NaOH), sodium carbonate (Na,COs) and
sodium bicarbonate (NaHCOs3) to quantify these acidic groups by means of back-
titration. NaHCOj3 can neutralise the acids, which have acid dissociation constant
(pKa) less than 6.37. Hence, it can only neutralise the carboxylic acidic group. In
contrast, both carboxylic and lactonic groups can be neutralised by Na,COs due to its
ability to neutralise acids with pKa less than 10.25. NaOH can neutralise acids with
pKa less than 15.74. Thus, it can neutralise the carboxylic, hydroxyl and lactonic
groups (Laszlo et al. 2001). Accordingly, 0.5 g of seaweed was equilibrated with 50
mL of 0.1 M NaOH, 0.2 M Na,CO; and 0.1 M NaHCOs; separately at a constant
temperature water bath for five days (Figure 4.5a). Thereafter, 10 mL from the final
solution was withdrawn and titrated with 0.1 M of hydrochloric acid (HCI)
pHmetrically to quantify the excess basic compounds in solution (Figure 4.5b). The
quantities of carboxylic, hydroxyl and lactonic sites were estimated based on the

titration data.
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(@) (b)

Figure 4.5 Quantification of active sites: (a) Experimental arrangement; (b)

pHmetric titration

On the other hand, zeolite is an aluminosilicate material with a tetrahedral framework
structure, in which the presence of Al** results in a net negative charge as shown in
Figure 4.6 (Ghobarkar et al. 1999). Consequently, zeolite requires a positive charge
to maintain the neutrality, which can be provided by a proton (H") resulting in the
formation of a hydroxyl functional group (-OH") in the zeolite framework (Hill et al.

1999; Rivera et al. 2000).

0]
(0]

Si

D/;TLH 0/ é}"““‘t}

e

0

Figure 4.6 Tetrahedral framework of zeolite

Hence, based on Boehm titration philosophy, the amount of total hydroxyl sites
present in zeolite was determined by firstly equilibrating 0.5 g zeolite samples with
0.1 M NaOH in excess at a constant temperature water bath for five days (Figure
4.5a; equation 4.4). Then, the amount of NaOH used for neutralising hydroxyl
functional group was determined by pHmetrically back titrating the equilibrated
solution with 0.1 M HCI (Figure 4.5b; equation 4.5).
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Ze-OH + NaOH ————— Ze-Na' + H,O (4.4)

NaOH + HCl ———— NaCl + H,0 (4.5)

4.4.4 CONCENTRATIONS OF METAL IONS

Concentrations of metal ions in solution were measured using the ICP-MS (Model:
Agilent 7500-cx; Figure 4.7a) and the ICP-OES (Model: Varian Vista-MPX; Figure
4.7b). ICP-MS was used to measure the concentrations of metal ions in very low
concentration range (pg/L order), whereas ICP-OES was used for high metal
concentration (mg/L). Both ICP-MS and ICP-OES were calibrated as described in
Sections 4.5.1 and 4.5.2, respectively.

ICP-MS and ICP-OES require a method to be set up for data acquisition and
analysis. A full quantitative analysis with five repetitive measurements was selected
in order to increase the precision. Before the analysis, the ICP-MS was tuned in auto-
tune mode, whilst the ICP-OES was manually tuned. In ICP-MS, the sample was
introduced via a peristaltic pump and mixed with helium or argon gas to produce
aerosols. On the other hand, in ICP-OES, the sample was introduced manually and
argon gas was used to produce the aerosols. The droplet was sprayed through a
chamber to the ICP torch, which strips the electrons of the metal element and ionises
it. The ionised metal hits the detector producing a spectrum of electric signals.
Concentration of metal ions was calculated using the calibration curve based on the

intensity of the electric signal produced.
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(b)

Figure 4.7 Inductively Coupled Plasma: (a) Mass Spectrometry; (b) Optical
Emission Spectrometry

4.5 CALIBRATION AND VERIFICATION

The equipment used in this study was calibrated using standard calibration methods.
The measured data was verified according to the standard verification techniques as

discussed below.

4.5.1 INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY

Calibration
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Calibration standards were prepared by diluting the stock multi metal standards
sourced from AccuStandard (5% nitric acid matrix) using 5% nitric acid solution to
preserve the matrix. Concentrations of calibration standards were 200, 100, 50, 25, 5,
1, 0.1 and 0.01 pg/L. Additionally, blank nitric acid was tested along with calibration
standards. The calibration standards were run in ICP-MS and were accepted if

coefficient of determination (R?) was close to 1.

Verification

During the batch experiments, a blank sample containing 5% nitric acid was stirred
under similar conditions to the samples to account for any leaching or sorption of
metal ions by the consumables. Additionally, internal standards of known
concentration was added to each sample, blank and calibration standards and the
measured metal concentration was accepted if the response of internal standards was

within 60-125% of the calibration blank.

4.5.2 INDUCTIVELY COUPLED PLASMA OPTICAL EMISSION SPECTROMETRY
Calibration

Calibration standards were prepared by diluting the stock multi metal standards of
1000 mg/L concentration prepared using the corresponding metal chlorides.
Concentrations of calibration standards were 200, 100, 50, 25, 5, 1 mg/L and the
blank. The calibration standards were run in ICP-OES and were accepted if R? value

was close to 1.

Verification

During the batch experiments, a blank sample containing the buffer solution used for
the preparation of metal solution was also stirred under similar conditions to the
samples to account for any leaching or sorption of metal ions by the consumables. In
order to increase the accuracy of the ICP-OES analysis, calibration reslope was
performed after every 20 samples by checking the calibration curve using two
standards for the deviation in the slope. The instrument was re-calibrated if the

deviation varied by +5% of the initial slope. In addition, a check standard of 10 mg/L
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was tested after every 10 samples and the instrument was re-calibrated if the values

varied by £10%.

4.5.3 pH METER

Calibration

Two-point calibration technique was followed for the pH meter. Standard pH 6.8 and
pH 4 solutions were used for this purpose. pH probe was thoroughly rinsed with
deionised water and blot dried before first immersing it in pH 6.8 solution for

calibration. Then, the probe was calibrated with pH 4 solution.

Verification

The pH meter was checked with pH 6.8 standard after every ten measurements to
ensure its performance. The probe was re-calibrated if there was a significant

variation (£10%) in pH.

4.5.4 AMMONIA SELECTIVE ION ELECTRODE
Calibration

Ammonia selective electrode was calibrated using freshly prepared NH4Cl solution
of 10'1, 10'2, 10'3, 10* and 10 M concentrations. Stock solution of 1 M NH4Cl was
prepared and serial diluted to the required concentration. First, the electrode was kept
in diluted NH4CI solution for 15 minutes to stabilise it. Then, it was immersed into
each standard solution (adjusted to pH 7). The reading was recorded in millivolts
when the change in reading was less than 0.2 mV/minute. The electrode was washed

using deionised water and blot dried in between measuring each standard.

Verification

Each measurement was taken in triplicate and the mean value was accepted if the

error was within £10%.
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4.6 DATA ANALYSIS TECHNIQUES
4.6.1 BASIC STATISTICAL OPERATIONS

Basic statistical operations, such as mean (equation 4.6) and standard deviation
(equation 4.7) were used in this study. Standard deviation provides an indication of

the error margin in the measurement.

™M
=

(4.6)

<
Il

where y is the mean of the data, y; is the i"™ data point, N is the number of samples

and SD is the standard deviation.

4.6.2 LINEAR AND NON-LINEAR REGRESSION

Linear and non-linear regression analyses have been used extensively in practical
applications to fit experimental data to theoretical models (Bates and Watts 2008;
Foo and Hameed 2010). Theoretical isotherm and thermodynamics models used in
this study were in their linearised form. Hence, the corresponding experimental data
were fitted using linear regression technique built in Microsoft Excel® software. On
the other hand, the Solver add-in in Microsoft Excel® was used for non-linear
regression analysis. The model parameters such as kinetics rates were determined
when the normalised sum of squares error (SSE) given by the following equation was

minimum (Sheppard et al. 2011):

(4.8)

SSE = Z ( Predicted Q. — Experimental Q)?
- (Experimental Q)2
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4.6.3 SPEARMAN CORRELATION ANALYSIS

Spearman correlation analysis, a non-parametric method, was used to investigate the
kinetics rate-limiting step. The analysis produces a ranking coefficient (r;) that can be
used to test the null hypothesis of no relationship between the variables.
Accordingly, there is no correlation if ry = 0. However, rg values cannot be used to
interpret the strength of the relationship between the variables (Bolboaca and

Jantschi 2006).

4.6.4 MULTI CRITERIA DECISION MAKING (MCDM) TECHNIQUES

MCDM methods are used to aid the decision making process when multi variable
problems are involved. There are various MCDM methods, such as ELECTRE
(ELimination and Choice Expressing REality), PROMETHEE and Simple Multi
Attribute Ranking Technique (SMART) available for comparing different
alternatives based on their performance against a set of evaluation criteria (Keller et
al. 1991). In this study, PROMETHEE and GAIA were used since they are generally
regarded as more sophisticated techniques compared to the others (Brans et al. 1986;
Keller et al. 1991). These methods have been increasingly used in various
environmental research studies to evaluate different alternatives against a set of

criteria (Carmody et al. 2007; Khalil et al. 2010; Miguntanna et al. 2010).

PROMETHEE algorithm

It is important to note that PROMETHEE does not provide a direct solution to a
MCDM problem; rather it only aids to make a decision. Thus, it is the scientist who
ultimately makes the decision based on MCDM modelling and the nature of the
problem. The PROMETHEE analysis was performed in this study with the help of
Decision Lab software (Visual Decision Inc. 2000). The PROMETHEE algorithm
used in this software has been explained in detail in several research papers (Keller et

al. 1991; Kokot and Phuong 1999) and only a brief description is presented here.

In PROMETHEE, a ranking order is developed according to the net ranking flow, the

¢ values, for a number of available objects or actions on the basis of a range of
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criteria (variables). To calculate the ¢ values, each criterion must be provided with
three conditions: a preference function, a preference order (maximise/minimise) and
a weighting. The following steps are performed to calculate the ¢ values between

objects ‘a’ and ‘b’:

Step 1: Creation of a difference matrix (d;) between ‘a’ and ‘b’ from raw data matrix:

d; = yj(a) — y;j(b) (4.9)

where y; (a) and y; (b) are the data points of objects ‘a’ and ‘b’ for criteria y;.

Step 2: Definition of the preference for ‘a’ over ‘b’:

A preference function P (a,b) is used to define the preference for ‘a’ over ‘b’ for each
criterion. The following preference functions (Table 4.3) are available for the user to

choose depending on the characteristics of the criterion:
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Table 4.3 Preference functions

Preference function Shape of the graph’ Mathematical expression
Linear P 0 X<X|
1
y(x) | = mx+c x;<x<xy
X X2 X 1 X>X,
V-shape P ) mx  Xx<x
1
>
yx) | =
X X ’ 1 X>X|
Level P A 0 X<X|
1 — >
X = 05 X1<X<x
0.5 Y( ) = 2
’ | X>X)
X1 X2 X
U-shape P 0 X<X|
1
y®) | =
X X | X>X|
Usual P 0 x<0
— yx) | =
1 x>0
X
Gaussian p
1 eX
y (x) T 1+e*
X
Notes:

'Legends used in the preference graph: P (preference); X (difference); x; (indifference threshold); x,
(preference threshold)

Step 3: Calculation of global preference index, m:
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k
n(ab) = Z W, x P(a,b) (4.10)
=1

where W; is the weight, which is set to 1 by default. However, it can be changed

subjectively in case one criterion needs to be emphasized in the selection of objects.

Step 4: Calculation of outranking flows:

1
Positive outranking flow ¢@*(a) = — z (3, x) (4.11)
(n ) XEA
Negative outranking flow ¢~ (2) = — >
egative outranking flow ¢~ (a) = 1) €A1‘[(X, a) (4.12)
X

Positive outranking flow corresponds to how much object ‘a’ is preferred over other
objects, while negative outranking flow shows how much other objects are preferred

relative to ‘a’.

Step 5: Production of partial ranking

Partial ranking of the objects is produced according to the following rules:

Case 1

If 9"(a) > ¢"(b) and ¢'(a) < ¢(b)
Or

¢'(a) > ¢'(b) and ¢'(a) = @'(b)
Or

¢'(2) =¢'(b) and ¢'(a) < ¢'(b)

Then ‘a’ is preferred over ‘b’.
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Case 2

If ¢"(a) = ¢'(b) and ¢(a) = ¢ (b)

Then ‘a’ and ‘b’ are equally preferred.

Case 3

In all other cases, ‘a’ and ‘b’ are incomparable.

Step 6: Production of complete ranking:

Complete ranking is produced based on the net outranking flow, ¢ (a), calculated

from the following equation:

p@ =0 @) - ¢ (a) (4.13)

Complete ranking eliminates the obstacle in comparing ‘a’ and ‘b’, even if they are
directly incomparable (Case 3 in Step 5). However, the compromise may also reduce
the reliability of the outcome. In addition, the ¢ values can be used to understand
how far two objects are discriminated in PROMETHEE ranking. In the case where
the difference between the ¢ values of two objects is over 10% of the whole range,
which is the difference between the maximum and the minimum values in the data
matrix for that particular criterion, they may be considered well-discriminated (Ni et
al. 2009). This is because an error over 10% in the measurement is generally not

acceptable in analytical chemistry.

GAIA

GAIA is a PC1 vs. PC2 biplot that provides visual complement to the PROMETHEE
ranking. Additionally, it is useful in understanding the correlation between the
objects and the variables. The GAIA biplot is the result of principal component
analysis of the data matrix constructed from the decomposition of the PROMETHEE
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net outranking flows (¢ values) (Keller et al. 1991). Espinasse et al. (1997) listed a
set of rules to interpret the GAIA biplot. In this study, the following rules were

found to be useful for the data interpretation:

1. An acute angle between two vectors indicates positive correlation and they
represent similar information. In contrast, two vectors represent conflicting
information if the angle between the vectors is obtuse. The information
explained by two vectors is considered independent if they are orthogonal.
For example, in Figure 4.8, criteria ‘a’ and ‘b’ represent similar
information, while ‘a’ and ‘¢’ explain conflicting information. The

information represented by vectors ‘a’ and ‘d’ is independent.

2. An object that is best performing in a criterion is generally located in the
direction of the corresponding criterion vector, e.g. ‘A’ is the best

performing object in criteria ‘a’ and ‘b’ (Figure 4.8).

3. Longer criterion vector in the PC1 vs. PC2 space has more influence in
ranking the objects, e.g. Criterion ‘a’ has more influence in ranking the

objects compared to the rest (Figure 4.8).

4. The decision axis, also known as the pi-axis, points towards the
approximate position of the object that is preferred on the basis of all

criteria.

5. Long pi-vector indicates a good decision.
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Figure 4.8 GAIA biplot

4.7 SUMMARY

This chapter has discussed the research methods and design adopted to achieve the
objectives and aims of the research study. The research methods consisted of critical
review of the literature, selection of sorbents for the research project, development of
experimental procedures and test methods to generate data to test the research
hypotheses and the techniques employed to analyse the data. The experimental
procedures primarily described the batch sorption experiments in relation to the
evaluation of the metal removal performance of sorbent materials and the definition
of sorption mechanisms. Furthermore, the equipment used to measure the relevant
parameters such as pH, metal concentration and cation exchange capacity was
discussed along with the calibration of the equipment and verification of the
measured data to ensure the data quality. Finally, a detailed discussion of the
univariate and multivariate analytical techniques employed for the data analysis was

provided.
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Chapter S: Selection of sorbents

5.1 INTRODUCTION

Various materials ranging from low cost agricultural wastes (Ajmal et al. 1998; Garg
et al. 2008) to commercial sorbents (Geng-Fuhrman et al. 2007; Minceva et al. 2008)
have been investigated for the removal of metals from water. Most of these sorbent
materials generally exhibit high metal sorption capacities indicating that they can be
used for removing metal ions from polluted waters, such as industrial wastewater and
stormwater runoff. However, the effectiveness of a sorbent in removing metals is
dependent on the physical and chemical properties of the solution (Section 3.5). For
example, a material that is efficient in high pH solution may not be equally effective
in removing metals from a low pH system. Therefore, it is important to identify the
materials that are efficient for a particular system. This is generally achieved using
batch sorption experiments, in which the sorbent is introduced to solution that has

similar properties as the particular polluted water.

Several past studies have compared the performance of various sorbent materials in
removing metal ions from water with varying degrees of success. This chapter first
provides a critical overview of these studies and evaluation methods adopted. Then, a
protocol based on Multi Criteria Decision Making (MCDM) technique for sorbent
selection was developed using data extracted from published literature. The
developed method was applied to the experimental data in order to select the sorbent
materials for creating mixtures that can enhance the affinity for the sorption of metal
ions commonly found in stormwater. Finally, the results and discussion of this

analysis are presented.

5.2 CRITICAL OVERVIEW OF PAST RESEARCH STUDIES ON
SORBENT SELECTION

The metal removal performance of sorbent materials is generally evaluated in a

single sorbent-single metal solution system (Genc-Fuhrman et al. 2007). However,
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comparative studies with the aim of evaluating the performance of various sorbents
in removing metals from a multi metal solution are limited. One such study was
undertaken by Genc-Fuhrman et al. (2007), in which the performance of eleven
different sorbents were assessed for the simultaneous removal of arsenic (As), Cd,
Cr, Cu, Ni and Zn from stormwater. The sorbents were ranked based on the

distribution coefficient (Kg) as given in equation 5.1:

Qe
Kqg= — 5.1
a= T, (5.1)
Both Q. and C. were determined from sorption experiments conducted under similar
experimental conditions. Sorbents that had high average K4 values were considered
as efficient for the removal of metals. Overall, alumina was the best performing

sorbent followed by bauxsol-coated sand and granulated ferric hydroxide, while

natural materials, such as zeolite, bark and sand were the least efficient.

A similar study was conducted by Wu and Zhou (2009) to rank various sorbents by
adopting a similar approach to that described by Genc-Fuhrman et al. (2007). They
found that a mixture of zeolite and a commercial sorbent called ferrosorp Plus was
most effective. However, these studies did not consider the economic viability and
environmental sustainability, which are critical factors in the real-world decision
making process. For example, according to Genc-Fuhrman et al. (2007), alumina
emerged as the best performing material because of its high average K4 value.
However, it is generally more expensive compared to natural materials such as
zeolite and bark. Furthermore, treatment of stormwater may require large amounts of
material depending on the amount to be treated. Hence, the use of expensive

materials may not be economically feasible.

Based on the data extracted from research literature, Kurniwan et al. (2006) and
Babel and Kurniwan (2003) compared the use of selected low cost sorbents with
relatively expensive activated carbon for removing metals from wastewater. Their
approach was more detailed in comparing the sorbents due to the inclusion of cost

analysis, even though sorption capacities remained as the main performance criteria
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for evaluation. They concluded that low cost chitosan, zeolite, waste slurry and lignin
were the best performing sorbents in terms of both cost and removal performance
when compared to activated carbon. Furthermore, zeolite was found to be the best
option because it was the least expensive among the best performing low cost

sorbents.

In addition to the cost and sorption capacities, factors such as environmental impacts
and operational restrictions of using a sorbent often play a vital role in the real-world
decision making. This clearly introduces additional criteria, which can transform the
analysis to a complex MCDM problem. Though such an elaborate analytical
approach has been used in other research areas (Brucker et al. 2004; Mostert et al.
2010), it is not generally undertaken when comparing sorbent materials for the
removal of metals. Among various MCDM analytical techniques, PROMETHEE
aided by GAIA has been commonly used in selecting the best option/s among several

potential alternatives (Keller et al. 1991).

Kokot et al. (1992) used PROMETHEE for selecting suitable microwave digestion
methods for solids, whilst Khalil et al. (2004) applied the technique for selecting
appropriate sites for sewage effluent renovation. The latter is one of the earliest use
of PROMETHEE and GAIA in the field of environmental engineering (Behzadian et
al. 2010). Furthermore, Carmody et al. (2007) used PROMETHEE to compare
various potential sorbent materials for cleaning oil spills. It is interesting to note that
in the study by Carmody et al. (2007), non-technical qualitative criteria, such as ease
of use and biodegradability were introduced into the analysis along with the
conventional technical criteria, such as sorption and retention capacities. Importantly
in the approach by Carmody et al. (2007), the data matrix was expanded stepwise,
1.e. by adding one criterion at a time, which was helpful in extracting information on
the influence of each criterion in ranking the sorbents. Such an approach could be
particularly useful in multi disciplinary forums, where an immediate response

regarding the influence of a particular criterion in decision making is of interest.

89



5.3 EVALUATION OF SORBENT PERFORMANCE USING MCDM
METHODS

Firstly, a comprehensive protocol for the evaluation of sorbent materials on their
performance in removing metals in water was developed based on PROMETHEE
and GAIA techniques. For this purpose, the metal sorption capacities extracted from
the data provided in past research publications were used being cognisant of the fact
that these sorption capacities were determined under different experimental
conditions. As such, it was evident that these values could not be used directly to
compare the performance of sorbents in the removal of metals. The sorption capacity
data obtained from literature were used only to develop the protocol for sorbent
selection. The sorption capacities were determined from the batch sorption
experiments that were conducted using water spiked to replicate dissolved metal
concentrations in stormwater such as in the case of a tertiary treatment scenario.
These sorption capacities were used for identifying the sorbents for further

investigation by applying the protocol developed.

5.3.1 PROMETHEE ANALYSIS — CRITERIA

Six sorbents namely seaweed, corncob, sugarcane bagasse, activated carbon, zeolite
and clay were evaluated for their performance in the metal removal on the basis of
the following criteria:

e Sorption capacity (SC);

e Cost factor (Co.);

e Biodegradability factor (Bio.).
e  Environmental factor (En.);

e Operational factor (Op.).

PROMETHEE analysis requires the assignment of three modelling parameters for
each criterion: a ranking sense, a preference function and a weighting. A weight of 1
was selected for all criteria in order to ensure all variables were given the same
importance in the analysis. The ranking sense and preference function assigned for

each criterion are discussed below.

90



(A) SORPTION CAPACITIES

Two types of metal sorption capacities were used. First was the data extracted from
past literature, which were used in developing the protocol for sorbent selection.
Second was the sorption capacities determined from the batch experiments
conducted using water spiked to replicate stormwater in a tertiary treatment system,

which were used for the selection of sorbent materials for further investigation.

PROMETHEE modelling parameters

(a) Ranking sense:

A sorbent with high sorption capacity is preferred for metal removal application.

Hence, sorption capacity criterion was maximised.

(b) Preference function:

The sorption capacity data matrix contained values that are very close to each other,
e.g. 0.40 and 0.49 mmol/g. Hence, providing indifference threshold values can
enhance the discrimination between objects rather than considering the objects with
very close values in the low sorption capacity range as dissimilar. Consequently, the

linear preference function (Table 4.3) was selected for sorption capacity criterion.

(B) COST FACTOR

Cost of a sorbent generally varies from one geographic location to the other
depending on various factors, such as local availability and extraction cost. Sorbents
used in this study were specifically purchased for the research study. Therefore, the
price may not reflect the actual cost when using them in a practical application. As
such, a qualitative criterion, cost factor, was developed by assuming sorbents with no
other significant uses are likely to be inexpensive. A value from a scale of 1 to 3
(high cost - 3; moderate cost - 2; low cost - 1) was assigned to each sorbent (Table

5.2) based on whether it has other significant uses (Table 5.1).
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Table 5.1 Uses of sorbents

Sorbents Uses References
e Mainly used for human consumption Mabeau and
Seaweed o Important ingredient in certain cosmetic and ~ Fleurence 1993;
(SW) pharmaceutical products Bansemir et al.
2006
e  Fibre source in animal food
Corncob ' Sultana et al.
e Charcoal production
(CO) 2007
e However, not widely used
Sugarcane e  Primary source of fuel in sugar mills Broek et al.
bagasse e  Main ingredient in paper and disposable 2000; Horvath
(SB) container production et al. 2009
 Various environmental applications including  Syzuki 1994;
Activated water treatment Barnes et al.
carbon e  Medical applications, e.g. in poison and 2009; Smolka
(AC) overdose treatment and Schmidt
e  Qas purification in nuclear reactors 1997
) e Soil treatment Terzano et al.
Zeolite
@) e Odour control 2005; Luo and
Lindsey 2006
e  Building industry
Clay (C) Murray 1991

Agricultural uses

PROMETHEE modelling parameters

(a) Ranking sense:

This criterion was minimised since low cost sorbents are usually preferred in real-

world applications.

(b) Preference function:
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Since a value from the 3-point scale was assigned for cost factor, the difference
matrix had discrete data, which were best suited in LEVEL preference function.

Accordingly, the LEVEL preference function (Table 4.3) was selected.

(C) BIODEGRADABILITY FACTOR

In general, seaweed, corncob and sugarcane bagasse are easily biodegradable, while

activated carbon, zeolite and clay do not easily biodegrade.

PROMETHEE modelling parameters

(a) Ranking sense:

Biodegradability is a concern when using a sorbent for the treatment of stormwater
for potable application since biodegradation can lead to the growth of harmful
microorganisms in water. This can result in significant human health impacts (Pitter

and Chudoba 1990). Therefore, the biodegradability criterion was minimised.

(b) Preference function:

The selected preference function was USUAL for this criterion (Table 4.3), which
reflects a scale of 1 or 0 (non-biodegradable - 0; biodegradable - 1).

(D) ENVIRONMENTAL FACTOR

Environmental factor corresponds to the direct negative impacts of using a sorbent
on the environment, especially on fauna and flora. For example, seaweed harvesting
can disturb the delicate balance in the marine environment. Though seaweed farming
can help in overcoming this problem, it needs to be monitored to avoid any adverse
impacts on the environment. Depending on the raw material source and activation
process, production of activated carbon on an industrial scale can have negative
impacts on the environment. For example, the use of wood as a raw material can
have greater adverse impacts on the environment in comparison to the use of
agricultural waste products. Additionally, zeolite and clay are extracted from the
earth's surface, which can also lead to adverse impacts on the environment. Corncob
and sugarcane bagasse are agricultural products, use of which as sorbents generally

do not have any adverse impacts on the environment. Similar to the cost factor, a
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value was allocated to each sorbent investigated (Table 5.2) based on a 3-point scale

(high impact — 3; moderate impact — 2; low impact — 1).

PROMETHEE modelling parameters

(a) Ranking sense:

The criterion was minimised since it is preferred to keep the adverse impacts on the

environment to a low level.

(b) Preference function:

The LEVEL preference function (Table 4.3) was selected for the same reason as

applicable to cost factor.

(E) OPERATIONAL FACTOR

Some sorbents release toxic substances or cause discoloration on their introduction to
water. It has been reported that zeolite and clay release toxic aluminium to water at
low pH (Wang and Peng 2010). Hence, pH of the system must be continuously
monitored and controlled to avoid aluminium leaching (Oumi et al. 2001). Similarly,
activated carbon can cause discoloration, which can be minimised by washing it
thoroughly with water before use. Similarly, corncob, sugarcane bagasse and
seaweed can cause discoloration due to leaching of certain organic compounds and
extensive chemical pretreatment is required to minimise its occurrence. The 3-point

scale system was also used for this criterion and points were allocated as follows:

e 3 - if leachate is toxic and chemical pretreatment is required to avoid

leaching;

e 2 -if leachate is not toxic and chemical pretreatment is required to avoid

leaching;

e 1 -ifleaching can be controlled without any chemical pretreatment.

The points allocated for each sorbent is presented in Table 5.2.

PROMETHEE modelling parameters
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(a) Ranking sense:

Leaching of toxic compounds is a serious concern if treated water is intended to be
used for potable applications. Similarly, discoloration can create aesthetic concerns.

Therefore, this criterion was minimised.

(b) Preference function:

For this criterion, the sorbents were under, either the moderate (2) or low (1)
category. Hence, the difference matrix contained either 1 or 0, which is best

described by the USUAL preference function (Table 4.3).

5.3.2 DEVELOPMENT OF SELECTION PROTOCOL
The data matrix (Table 5.2) consisted of the sorption capacities extracted from past
literature (Table A.1 of Appendix A) and the non-technical criteria discussed in

Section 5.3.1.
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Table 5.2 Data matrix for PROMETHEE analysis — Published data

Ni Cu’ Zn? Ccd’ Pb’ Co.} Bio. En.’ Op.}
Function Linear Linear Linear Linear Linear Level Usual Level Usual
Min/Max Max Max Max Max Max Min Min Min Min
Weight 1 1 1 1 1 1 1 1 1
Unit mmol/g mmol/g mmol/g mmol/g mmol/g - - - -
SW! 0.61 0.99 0.50 0.76 1.16 3 1 3 2
cc! 0.37 0.49 0.40 0.49 0.40 1 1 1 2
SB' 2.80 2.09 2.54 2.78 1.51 3 1 1 2
AC! 1.72 1.16 0.18 0.17 0.72 3 0 2 1
7! 0.03 0.09 0.05 0.04 0.07 1 0 2 1
c! 0.48 0.40 0.23 0.29 0.16 2 0 2 1

Notes:

'Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated carbon (AC); Zeolite (Z); Clay (C)

“Sorption capacity of the corresponding metal ion

3Cost factor (Co.); Biodegradability factor (Bio.); Environmental factor (En.); Operational factor (Op.)
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The matrix consisting of sorption capacities was first analysed using PROMETHEE
and GAIA techniques. Then, the data matrix was further expanded by adding cost,
environmental, operational and biodegradability factors stepwise and re-analysed
using PROMETHEE and GAIA techniques. Table 5.3 summarises each analytical

scenario and the corresponding variables used in this study:

Table 5.3 Analytical scenarios and corresponding variables

Scenario Variables
1 Metal sorption capacity
2 Metal sorption capacity and cost factor
3 Metal sorption capacity, cost and environmental factors
Metal sorption capacity, cost, environmental and biodegradability
! factors
5 Metal sorption capacity, cost, environmental and biodegradability

operational factors

(A) SCENARIO 1: METAL SORPTION CAPACITIES

The data matrix for Scenario 1 consisted of sorption capacities of six sorbents for
five metals (Table 5.2). The net outranking flow (¢) for Scenario 1 is presented in
Table 5.4. According to the ¢ values, sugarcane bagasse is the most preferred sorbent
for the removal of toxic metals as it clearly outranks the rest by a large margin. The
difference between the ¢ values of the second ranked sorbent (seaweed) and
sugarcane bagasse is 0.82 scale units, which was over 66% of the whole net
outranking flow range (¢ = 0.85 to @ = -0.39). On the other hand, the gap between
activated carbon and seaweed is not substantial, i.e. less than 1% of the whole range,
though seaweed has slightly higher ¢ value than activated carbon. Hence, seaweed is
ranked second, while activated carbon occupies the third rank. Corncob, clay and
zeolite have high negative ¢ values. Thus, they are less preferred for metal removal
applications. However, the ¢ value gap between the less preferred sorbents is less
than 10% of the whole range, i.e. they are, arguably, not well separated. As per the
above discussion, the sorbents can be divided into three groups:

1. The most preferred sorbent: Sugarcane bagasse

2. The moderately preferred sorbents: Activated carbon and seaweed
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3. The less preferred sorbents: Corncob, clay and zeolite

Table 5.4 Net outranking flow values — Published data

Rank Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
’sc 2SC+Co. ’SC+Co.+  *SC+Co.+ 2SC+Co +En.
En. En.+ Bio. +Op.+Bio.
P P () 9 9

1 SB' 08 SB 063 SB 061 SB 046 SB 034
SW' 003 SW -005 CC -002 AC 001 AC 0.7
AC' -001 cCC -007 AC -008 CC -006 Z  -0.02

022 AC -008 SW -015 Z -009 C -0.03
¢! 029 Z 021 Z 019 C -010 CC -0.12

6 Z' 039 C 022 C -021 SW -020 SW -025

S U VO Y
A
QA

Notes:

'Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated carbon (AC); Zeolite (Z); Clay (C)

2Sorption capacity (SC); Cost factor (Co.); Biodegradability factor (Bio.); Environmental factor (En.);
Operational factor (Op.)

The grouping of sorbent materials can also be observed in the GAIA biplot (Figure
5.1; 96% variance accounted). On PCI1, the most preferred sorbent, sugarcane
bagasse, is separated from the rest with high positive scores and the scores of
activated carbon and seaweed are close to zero. The less preferred sorbents have
negative scores on this axis. Hence, this axis reflects the PROMETHEE ranking
order such that the sorbent’s score on PC1 reduces when its preference, the ¢ value,
i1s reduced. When projected on PCI, the vectors related to sorption capacities of
metals are closely associated with sugarcane bagasse indicating that it has affinity for

the sorption of all metals investigated.

In PC2, the moderately preferred sorbents, i.e. activated carbon and seaweed, have
negative scores, whereas the rest have positive scores. Hence, PC2 discriminates the
moderately preferred sorbents from the most preferred and the less preferred ones.
The projection of the sorption capacity vectors on PC2 shows that activated carbon
and seaweed have more affinity to Pb, Cu and Ni than Zn and Cd. In contrast, Zn and

Cd are preferred by corncob, clay and zeolite.
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Figure 5.1 GAIA biplot for Scenario 1 — Published data
Legends: Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated
carbon (AC); Zeolite (Z); Clay (C)

The following information can be obtained from PC1 vs. PC2 biplot by applying the
rules outlined by Espinasse et al. (1997) (Section 4.6.4). The pi-axis is longer and
points towards sugarcane bagasse indicting that it is the preferred sorbent, which is in
agreement with the PROMETHEE results. According to the biplot, sorption of Ni, Pb
and Cu is strongly associated with sugarcane bagasse, seaweed and activated carbon.
Hence, these sorbents are preferred for the sorption of these specific metals. On the
other hand, zeolite, corncob and clay are least preferred as they are negatively
correlated. Additionally, sugarcane bagasse also performs well in the sorption of Zn
and Cd, whereas seaweed and activated carbon are negatively correlated with the
sorption of Zn and Cd vectors. Therefore, sugarcane bagasse emerges as the best

option for the sorption of Ni, Pb, Cd, Zn and Cu compared to the other sorbents.

(B) OTHER SCENARIOS: EFFECT OF COST, ENVIRONMENTAL, BIODEGRADABILITY
AND OPERATIONAL FACTORS

Qualitative criteria such as cost, environmental, biodegradability and operational
factors were added to the data matrix stepwise and new PROMETHEE and GAIA
analyses were conducted. The ¢ value for each analytical scenario is presented in
Table 5.4. The ¢ values and the GAIA biplots can be interpreted in detail as
explained in Section 5.3.2 (A). However, only important changes in the ranking and

the patterns in the GAIA biplots are discussed here.
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In Scenario 2, the criterion representing the cost factor was added to the data matrix.
The ¢ value of sugarcane bagasse significantly reduced compared to Scenario 1,
though the reduction was not adequate to change its rank due to the very low ¢ value
of the rest of the sorbents. This indicates that the sorption capacity criteria are still
influential in ranking sorbent materials. However, the changes in the ¢ values of
other sorbents resulted in modification to the PROMETHEE ranking such that
corncob advanced as a moderately preferred sorbent. In the GAIA biplot for Scenario
2 (Figure 5.2; 95% variance accounted), activated carbon and seaweed are negatively
correlated to the cost factor, as they are considered relatively expensive, whilst
materials that are not used in other economically significant applications such as
clay, zeolite and corncob are strongly correlated to the cost vector. According to
Table 5.4, the ¢ value gap between seaweed, corncob and activated carbon was less
than 10% of the whole range. Hence, seaweed, corncob and activated carbon should
be close to each other in the GAIA biplot. However, corncob is located away from
seaweed and activated carbon in the GAIA biplot given in Figure 5.2. This is because
of the low cost factor of corncob compared to seaweed and activated carbon, which
moved corncob close to the cost vector. Furthermore, the longer pi-axis indicates a
good decision and it points in the direction of sugarcane bagasse showing that it is

the most preferred sorbent for this scenario.

PC2
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Figure 5.2 GAIA biplot for Scenario 2 — Published data
Legends: Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated
carbon (AC); Zeolite (Z); Clay (C)
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When the environmental factor criterion was added to the matrix (Scenario 3),
corncob and activated carbon moved to the second and third rank, respectively, while
seaweed dropped to the fourth rank. According to the GAIA biplot for Scenario 3
(Figure 5.3; 94% variance accounted), seaweed and activated carbon are negatively
correlated with cost and environmental factors, which is consistent with the data
matrix in Table 5.2. According to the ¢ values presented in Table 5.4, seaweed is
expected to be located near to zeolite and clay in the GAIA biplot (Figure 5.3). This
is because cost and environmental factors were minimised in PROMETHEE analysis
and therefore, the sorbent that has low values for these factors stays closer to the
vectors corresponding to cost and environmental factors. Seaweed has high values
for cost and environmental factors (Table 5.2), which moved seaweed away from the
cost and environmental vectors. Thus, it is not positioned near zeolite and clay. The
length of environmental and cost vectors is approximately the same. Thus, the

influence of both factors in discriminating the objects is similar.

PC2

PCl1

A =94% 5B

Figure 5.3 GAIA biplot for Scenario 3 — Published data
Legends: Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated
carbon (AC); Zeolite (Z); Clay (C)

Addition of the biodegradability factor to the data matrix (Scenario 4) resulted in
changes in PROMETHEE ranking and the ¢ values. Especially, zeolite and clay
moved to the fourth and fifth ranks, respectively. Furthermore, the ¢ value of
seaweed was further reduced. Hence, it eventually became the least preferred

sorbent, while sugarcane bagasse remained the most preferred. However, the

101



introduction of the biodegradability factor reduced the length of the vector
representing the environmental factor in Scenario 4 (Figure 5.4; 84% variance
accounted). Hence, the discriminating power of the environmental factor weakened
in the presence of the biodegradability factor.
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Figure 5.4 GAIA biplot for Scenario 4 — Published data
Legends: Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated
carbon (AC); Zeolite (Z); Clay (C)
Finally, the operational factor criterion (Scenario 5) was added to the data matrix.
Zeolite and clay advanced further to the third and fourth ranks, respectively, while
corncob dropped to the fifth rank (Table 5.4). The influence of the environmental
factor was further reduced when the operational factor was introduced to the data
matrix in Scenario 5 (Figure 5.5; 84% variance accounted). In such cases, sorption
capacities, cost, biodegradability and operational factors were primarily responsible

for the PROMETHEE ranking.
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Figure 5.5 GAIA biplot for Scenario S — Published data
Legends: Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated
carbon (AC); Zeolite (Z); Clay (C)

Overall, sugarcane bagasse remained as the best sorbent for all scenarios, that is, the
¢ value gap between sugarcane bagasse and second ranked sorbent was always over
10% of the whole range, even though its ¢ values reduced significantly from
Scenario 1 (¢ = 0.85) to Scenario 5 (¢ = 0.34). Activated carbon was considered as
the next best performing sorbent since it occupied the second and third ranks in
almost all scenarios. Though seaweed performed well in the first two scenarios, it
was the least preferred sorbent when all the criteria were considered. Corncob
performed well in Scenarios 2 and 3. However, on the basis of all criteria, it was
ranked in the fifth place. Hence, corncob could be considered as one of the best
options when cost and environmental factors are important in decision making.
Zeolite and clay exhibited similar behaviour throughout the analysis. On the basis of
all the criteria, zeolite and clay could be considered as good options, though not the

best.

The discrimination of sorbents in the GAIA biplots from Scenario 2 to Scenario 5 did
not clearly explain the PROMETHEE ranking as it did in Scenario 1. This is because
the location of the sorbent materials was rearranged when a new criterion was
introduced. For example in PC1, sugarcane bagasse had positive scores in Scenarios

3 and 4 and negative scores in Scenarios 1 and 2. This was due to the rearrangement
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of the sorption capacity vectors due to the introduction of other factors to the data
matrix. This confirmed that the discrimination of sugarcane bagasse was primarily
influenced by the sorption capacity rather than the other factors. Activated carbon
was negatively correlated to the cost vector in all scenarios investigated. Hence, the
position of activated carbon in GAIA biplots was primarily determined by the cost
vector. Similarly, seaweed appeared to be influenced by all qualitative criteria since
it generally had negative correlation with these vectors. On the other hand,
biodegradability and cost factors had a significant influence in discriminating clay
and zeolite. Clay and zeolite were generally close to each other in all scenarios as in

the case with their ¢ values, which were almost the same for the entire analysis.

It is important to note that PROMETHEE and GAIA techniques describe a
compromise scenario. Hence, it is the individual user’s discretion to decide which
compromise best suits requisite objective/s. For example, in terms of metal removal
(Scenario 1), seaweed performed better than zeolite. However, when all the criteria
were considered (Scenario 5), seaweed was less preferred in comparison to zeolite.
Hence, if the removal performance is the prime concern at the expense of the rest of
the criteria, seaweed is a better option than zeolite. In addition, the GAIA biplots
demonstrated how each criterion is correlated to the others and the effect of the
compromise of one criterion on the others. An interesting example is the correlation
between the cost factor and the sorption capacity in Scenario 5 (Figure 5.5), which
showed that they both were negatively correlated. In other words, the cost will

increase if a high performing sorbent is to be used.

The univariate analysis based solely on K4 values employed in studies such as by
Genc-Fuhrman et al. (2007) and Wu and Zhou (2009) is limited to ranking the
materials based only on their metal sorption ability. In contrast, the protocol
developed in this chapter based on a multi criteria decision making method,
PROMETHEE and GAIA, is comprehensive as the sorbent materials can be ranked
on the basis of a set of criteria and the underlying correlations between criteria and
objects can be investigated. The GAIA analysis was particularly useful in predicting
the metal affinities of sorbents. Furthermore, non-technical criteria that are important
in real-world decision making such as cost and environmental impacts were also

incorporated into this approach.
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5.3.3 SELECTION OF SORBENTS

The protocol developed in Section 5.3.2 was applied on the basis discussed above, to
the data matrix consisting of the sorption capacities determined from the batch
experiments, with the aim of selecting suitable sorbents for creating mixtures to
enhance the affinity for the sorption of metal ions in water (Table A.2 in Appendix
A). The data matrix for the analysis is presented in Table 5.5. Two factors were

primarily considered in the selection of sorbents:
e Affinity of the sorbents for specific metals (Based on Scenario 1);

e Overall performance on the basis of metal sorption capacity,
biodegradability, cost, environmental and operational factors (Based on

Scenarios 1-5).
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Table 5.5 Data matrix for PROMETHEE analysis — Experimental data

2Al XCr Ni 2Cu 2Zn ’cd 2pp *Co. *Bio. En. *0p.
Function  Linear Linear Linear Linear Linear Linear Linear Level Usual Level Usual
Min/Max  Max Max Max Max Max Max Max Min Min Min Min
Weight 1 1 1 1 1 1 1 1 1 1 1
Unit pmol/g pmol/g umol/g umol/g umol/g umol/g umol/g - - - -
'Sw 0.08 0.40 0.75 0.47 0.34 0.08 0.13 3 1 3 2
'cc 0.07 0.06 0.09 0.06 0.03 0.04 0.03 1 1 1 2
'SB 0.00 0.50 0.27 0.25 0.08 0.16 0.05 3 1 1 2
'AC 0.00 0.10 0.25 0.01 0.04 0.10 0.02 3 0 2 1
'z 0.00 0.31 0.28 0.39 0.08 0.20 0.50 1 0 2 1
'c 0.00 0.42 0.42 0.53 0.00 0.31 0.27 2 0 2 1

Notes:
'Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated carbon (AC); Zeolite (Z); Clay (C)
“Sorption capacity of the corresponding metal ion

3Cost factor (Co.); Biodegradability factor (Bio.); Environmental factor (En.); Operational factor (Op.)
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(A) SCENARIO 1 — METAL SORPTION CAPACITIES

The data matrix for Scenario 1 consisted of sorption capacities of the six sorbent
materials for seven metals and the rank order obtained from PROMETHEE analysis
is presented in Table 5.6. According to the ¢ values, seaweed is the most preferred
sorbent followed by clay, zeolite, sugarcane bagasse, corncob and activated carbon.
The gaps in ¢ value between adjacent sorbents in PROMETHEE ranking are
generally over 10% of the whole range. Thus, the sorbents are generally well
separated. However, the gap between zeolite and clay is about 10% indicating that

these sorbents can almost be grouped together.

Table 5.6 Net outranking flow values — experimental data

Rank Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
’sc ’SC+Co ’SC+Co.+En.  °SC+Co.+En.+Bio ’SC+Co.+En.
+Op.+Bio.
9 o o 9 ¢
1 'SW 041 SW 029 SW  0.18 Z 0.20 Z 0.23
2 'C 019 Z 018 Z 015 C 0.19 C 0.23
3 'Z 0.1 c 017 C 0.14  SW 0.10 SW 0.04
4 'SB -0.07 SB -0.12 SB  -0.05 SB -0.11 SB -0.15
5 'cC 026 C€C -014 cCC -007 CC -0.12 CcC 0.17
6 'AC 037 AC -038 AC -035 AC -0.26 AC -0.18
Notes:

'Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated carbon (AC); Zeolite (Z); Clay

©
*Sorption capacity (SC); Cost factor (Co.); Biodegradability factor (Bio.); Environmental factor (En.);
Operational factor (Op.)

Further information regarding the PROMETHEE ranking can be obtained from the
GAIA biplot (Figure 5.6; 83% variance accounted). The sorbents that occupy the
first four ranks have positive scores on PCl and their location reflects the
PROMETHEE order except for seaweed, which has low scores, even though it is
ranked first. The reason for this exception is that seaweed, which has a high sorption
capacity for Ni and Zn, has relatively weaker discrimination power on PC1 as a

result of the low loading of Ni and Zn vectors when projected on PC1. Furthermore,
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the poor performers, i.e. activated carbon and corncob, have negative scores on PCl1.
All metal sorption capacities have an influence in the distribution of sorbents on PC1

except for Zn.

Activated carbon, zeolite, clay and sugarcane bagasse have positive scores on PC2,
while seaweed has a negative score. Corncob is close to 0 on the PC2 axis. This
discrimination is influenced mainly by Al, Ni and Zn and to a relatively lesser extent
by Cu, Cr, Cd and Pb. High negative score for seaweed is attributed to the influence
of Ni, Zn and Al, for which seaweed has a high sorption capacity. Similarly, zeolite
and clay have positive scores due to the influence of the high sorption capacities for

Cd and Pb.

PC2

o

PCl1

A=83%

=

A

Figure 5.6 GAIA biplot for Scenario 1 — Experimental data
Legend: Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated
carbon (AC); Zeolite (Z); Clay (C)
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The most important information that can be extracted from the GAIA biplot is the
correlation between variables and objects using the rules described in Section 4.6.4.
In Figure 5.6, it can be observed that the vectors are approximately the same size
indicating that the sorption capacity for every metal ion has about equal weight in
PROMETHEE ranking of sorbent materials. Furthermore, Pb and Cd vectors point
towards zeolite and clay indicating that these sorbent materials have a relatively high
affinity for Pb and Cd sorption. This was in agreement with the affinity series
reported for zeolite and clay in past studies (Zamzow et al. 1990; Malliou et al. 1992;
Kwon et al. 2010).

Similarly, according to Figure 5.6, seaweed exhibits high affinity for the sorption of
Al, Zn, Ni and Cr in comparison to the rest of the sorbent materials. In the case of
sugarcane bagasse, it is close to Pb and Cd vectors indicating that it has some affinity
for these metal ions. Corncob did not perform well in the sorption of metals except
for Al, for which it had weaker affinity relative to seaweed. Activated carbon was the
least preferred sorbent since it performed poorly in the sorption of all of the
investigated metals relative to other sorbents. It could possibly be due to the
characteristics of activated carbon used in the study, i.e. untreated activated charcoal,
which is known to have reduced affinity for cations (Boehm 2002). In the case of Cu,
seaweed, zeolite and clay approximately have equal affinity. The decision vector in
the GAIA biplot is long indicating a good decision. In addition, the decision vector
roughly bisects the acute angle formed by zeolite and clay with seaweed, though the
axis leans towards seaweed. This reflects the outcome of PROMETHEE analysis, in

which the ranking was in the order of seaweed > clay = zeolite.

It is hypothesised that various factors such as physico-chemical properties of metals,
sorbents and solution, sorption kinetics, and sorption thermodynamics are
responsible for the above-observed differences in the affinity of sorbents for metals.
A detailed discussion of the factors influencing the affinity of selected sorbents for

the sorption of metals can be found in Chapters 6 and 7.
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B) OTHER SCENARIOS: EFFECT OF COST, ENVIRONMENTAL,
BIODEGRADABILITY AND OPERATIONAL FACTORS

The data matrix was expanded by adding the qualitative criteria, such as cost,
environmental, biodegradability and operational factors progressively in order to
rank the sorbent materials under different analytical scenarios. The ¢ value for each
analytical scenario is presented in Table 5.6. The ¢ values and the GAIA biplots can
be interpreted in detail similar to the discussion in Section 5.3.3 (A). However, only

the changes in PROMETHEE ranking and the GAIA biplots are discussed here.

The data matrix was expanded in Scenario 2 by adding the cost factor. In the GAIA
biplot for Scenario 2 (Figure 5.7; 72% variance accounted), the cost vector was
approximately equal to the sorption capacity vectors showing that sorption capacities
and cost factor have equal importance in the ranking of sorbent materials. The low
cost factor of zeolite and corncob contributed significantly to the increase in their ¢
values, whereas the relatively high cost factor of sugarcane bagasse and seaweed
reduced their ¢ values. Compared to Scenario 1, there was a change in the second
and third ranks due to the increase in the ¢ value of zeolite, which advanced to the
second rank. However, the ¢ values of zeolite and clay were the same. Seaweed was
still the most preferred sorbent, though its ¢ value reduced significantly. There was
no significant difference in the ¢ value of activated carbon. Activated carbon was
already low performing in terms of metal sorption capacity. Hence, cost factor has a
relatively minor effect in the discrimination of activated carbon though the GAIA
biplot showed a correlation between activated carbon and cost vector. Similarly, the
influence of the cost factor on the ranking of clay was not significant since the
object, clay, is approximately perpendicular to the cost vector despite the fact that
clay is only moderately expensive. This is the reason why the ¢ value of clay in

Scenario 2 (Table 5.6) is not significantly different from that in Scenario 1.
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Figure 5.7 GAIA biplot for Scenario 2 — Experimental data
Legend: Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated

carbon (AC); Zeolite (Z); Clay (C)

The data matrix was further expanded in Scenario 3 by including the environmental
factor. The ranking order remained the same, though the ¢ value for seaweed
reduced significantly due to the potential negative environmental impact of using it
as a sorbent material. The introduction of the environmental factor in Scenario 3
slightly reduced the influence of the cost factor in the discrimination of sorbents as
evident in the corresponding GAIA biplot (Figure 5.8; 71% variance described), in
which the length of the cost vector is smaller than in Scenario 1. Additionally, the pi-
axis has further moved away from the direction of seaweed towards the direction of
clay and zeolite. This indicates that the preference for the former has reduced in
favour of the latter. This is primarily due to the fact that cost and environmental
vectors are negatively correlated to seaweed, while positively correlated to clay and
zeolite. However, according to the PROMETHEE ranking, seaweed still occupied
the first rank, though the ¢ value gap between seaweed, zeolite and clay was small,
1.e. less than 8%. This confirmed that the sorption capacity vectors still dominated
the ranking compared to the cost and environmental factors as clearly evident in the
GAIA biplot (Figure 5.8), in which the length of the environmental and cost vectors

are relatively smaller than the sorption capacity vector.
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Figure 5.8 GAIA biplot for Scenario 3 — Experimental data
Legend: Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated
carbon (AC); Zeolite (Z); Clay (C)

However, a decisive reduction in the ¢ value for seaweed occurred when the
biodegradability criterion was introduced to the data matrix (Scenario 4). The ¢
value of seaweed was substantially reduced to the extent that seaweed dropped to the
third rank, while zeolite and clay moved to the first and second ranks, respectively.
The ¢ value gap between clay and zeolite was negligible. However, the gap was over
20% of the whole range between seaweed and clay or zeolite. This showed that the
ranking of clay and zeolite is arguably the same, while seaweed was well separated
in the third rank from zeolite and clay. The corresponding GAIA biplot is presented
in Figure 5.9 (70% variance accounted). The decision axis moved further away from
seaweed reflecting the PROMETHEE ranking and the ¢ values tabulated in Table
5.6 for Scenario 4. Furthermore, the introduction of the biodegradability vector
slightly reduced the size of sorption capacity vectors indicating that the influence of
sorption capacities in ranking sorbents has reduced. This is in agreement with the
PROMETHEE ranking, in which zeolite and clay were ranked in the first two places,

even though their correlation with sorption capacity vectors was weaker than with
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seaweed. In contrast, they are strongly correlated to the cost, environmental and

biodegradability vectors.
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Figure 5.9 GAIA biplot for Scenario 4 — Experimental data
Legend: Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated
carbon (AC); Zeolite (Z); Clay (C)

The criterion related to the operational factor was added to the data matrix (Scenario
5). The PROMETHEE ranking was similar to that of Scenario 4. However, the ¢
values of zeolite and clay increased, whilst that of seaweed decreased. As a result,
zeolite and clay outranked seaweed by a large margin, i.e. the ¢ value gap was about
40% of the whole range. Hence, it can be concluded that considering the overall
performance of the sorbent materials on the basis of all criteria, zeolite and clay were
the best performing sorbents followed by seaweed, while sugarcane bagasse, corncob
and activated carbon were the least preferred. From the GAIA biplot for Scenario 5

(Figure 5.10; 70% variance accounted), it can be observed that length of the vectors
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related to the sorption capacities, cost, environmental, biodegradability and
operational factors are approximately equal. Hence, they have approximately equal
influence in ranking sorbent materials. Therefore, when analysing the complete data
matrix, zeolite and clay become highly preferred due to their low cost, relatively low
negative environmental impacts, non-biodegradability and reasonably good metal
sorption capacity. On the other hand, despite its superior removal capacity, seaweed
was ranked third due to its relatively high cost, high negative environmental impacts

and biodegradable nature.

PC2

Oz

:| Co.
[

5B Al

A PCl1

A=T70%

S

A

Figure 5.10 GAIA biplot for Scenario 4 — Experimental data
Legend: Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated
carbon (AC); Zeolite (Z); Clay (C)

In general, for all Scenarios, the gaps in ¢ values between sorbents are over 10% of
the whole range, except between clay and zeolite. This indicates that the sorbents
were generally well separated. The PROMETHEE ranking order reflected the raw

data matrix, in which seaweed, clay and zeolite had high sorption capacity for
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metals, whilst sugarcane bagasse, corncob and activated carbon generally exhibited
low sorption capacity. It is interesting to note that the affinity pattern generally
remained the same for all analytical scenarios. This indicated that affinity illustrated
in the GAIA biplots can be used as a reliable guide. Based on the affinity pattern and
the overall performance on all the criteria, zeolite, seaweed and clay were selected

for further investigation.

5.4 CONCLUSIONS

Commonly, univariate techniques are used to compare the performance of sorbent
materials in removing metals in water. However, economic, environmental and
operational factors inherent in using sorbents are important in real-world decision
making. Therefore, the application of MCDM techniques such as PROMETHEE and
GAIA are appropriate for the selection of sorbents for metal removal due to the
influence of a range of factors. Consequently, a multi criteria analytical protocol for
sorbent selection was developed based on PROMETHEE and GAIA using the
sorption capacity data extracted from past literature. The advantages of using the
developed protocol over univariate analysis for sorbent evaluation include the
understanding of the underlying correlation between criteria and objects, which can

be used as an important guide for predicting metal affinities of sorbents.

Batch sorption experiments were conducted using water spiked to replicate typical
stormwater quality in order to determine the metal sorption capacities for sorbent
evaluation. The analytical protocol was applied to the data matrix, which consisted of
experimental sorption capacities, in order to select suitable sorbents for creating
sorbent mixtures to enhance the affinity for the sorption of metal ions in urban
stormwater. Two analytical scenarios, which were primarily considered with regards
to the selection of sorbent materials were their affinity series and overall
performance on the basis of all selection criteria, i.e. metal sorption capacity, cost,
environmental, operational and biodegradability factors. According to the
PROMETHEE ranking, overall, zeolite, clay and seaweed ranked best, whilst
sugarcane bagasse, corncob and activated carbon performed poorly. Based on the

GALIA biplot, it was noted that seaweed had strong affinity for the sorption of Al, Ni,
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Cr and Zn, whereas Pb and Cd were preferred by zeolite or clay. Seaweed, zeolite
and clay have approximately similar affinity for Cu. This conclusion is generally in
agreement with the findings reported in research literature thereby confirming that
the findings from this study can be used as a reliable guide to predicting the sorption
affinities of sorbent materials. Hence, zeolite, seaweed and clay were selected for
further investigation due to their affinity characteristics and overall performance on

all of the criteria considered.
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Chapter 6: Isotherm, kinetics and
thermodynamics of metal
sorption by zeolite and seaweed

6.1 INTRODUCTION

In Chapter 5, six sorbent materials were investigated in order to select appropriate
sorbents for creating mixtures that can remove a range of metals commonly present
in stormwater. The metal affinity and the overall performance in relation to
predetermined criteria were the two primary factors considered in the selection of
sorbents. Based on the analysis of the experimental data, zeolite, seaweed and clay
were selected, among which zeolite and clay had similar metal affinity characteristics
and overall performance in relation to the selection criteria. Hence, it was considered
adequate to consider either zeolite or clay for further analysis. Accordingly, seaweed
and zeolite were chosen for creating the mixture as the metal affinity range of the

two sorbents encompasses the metal ions investigated in the research study.

An in-depth knowledge on kinetics pathways, thermodynamics and chemical
processes inherent in the metal sorption mechanisms employed by the individual
sorbent materials is imperative for process modification and treatment system design.
Additionally, this knowledge is essential to assess the mechanisms of the mixture/s in
relation to individual sorbents in order to identify key factors, which can contribute
to the enhancement of affinity for metal cations. Consequently, the kinetics, isotherm
and thermodynamics characteristics of the mechanisms employed by zeolite,
seaweed and their mixtures in the sorption of metal ions in a multi metal solution
were investigated using the mathematical models discussed in Section 3.4. The input
data for the models were obtained from a series of laboratory experiments described
in Section 4.3.4. In this Chapter, the metal sorption mechanisms employed by zeolite

and seaweed are discussed.
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6.2 CHARACTERIZATION OF SORBENTS

Sorption process can be divided into ion exchange and adsorption mechanisms
(Chapter 3). The ion exchange mechanism is associated with ECEC, while the
negative functional groups present in sorbent materials are responsible for the
adsorption mechanism. The ECEC was determined using the ammonium acetate
method described in Section 4.4.2 and the functional groups were characterised using

the titration methods as described in Section 4.4.3.

6.2.1 EFFECTIVE CATION EXCHANGE CAPACITY

The calibration curve for the ammonia selective electrode was developed as

described in Section 4.5.4 and is presented in Figure 6.1.
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Figure 6.1 Calibration curve for ammonia selective electrode

The R? value for the calibration curve is 0.953 indicating a good fit. Hence, the
ECEC calculated from the curve was considered reliable. The ECEC for zeolite and
seaweed were 122 + 23 and 1960 + 369 meq/100g of sorbent, respectively. The
standard deviation is relatively large indicating that the cation exchange property of

zeolite and seaweed can vary from one batch of samples to the other. This is to be
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expected as these are naturally occurring products and this needs to be taken into
consideration in practical applications. Consequently, their metal sorption
characteristics may vary for each batch. Additionally, ECEC of seaweed was about
sixteen times higher than that of zeolite. Hence, seaweed can be expected to exhibit
high ion exchange activity than zeolite. Seaweed used in this study was Ecklonia
radiata, which is a brown seaweed species that has high cation exchange capacity,
typically in the range of 1700-3100 meq/100g (Rupérez et al. 2001). The ECEC of
sodium treated zeolite sourced from Zeolite Australia Pty Ltd. was previously
determined by Aharon (2001), as approximately 112 meq/100g. This value is within
the range found for ECEC in this study.

6.2.2 NEGATIVE SITES

The amount hydroxyl sites present in zeolite was determined based on stoichiometric
relationship of the equations (4.4) and (4.5) and was found to be 4.90 £ 0.78 mmol/g.
Boehm method was used to quantify the carboxylic, lactonic and hydroxyl groups in
seaweed and the values were 2.90 = 0.41, 0.05 + 0.01 and 0.60 £ 0.09 mmol/g,
respectively. The total amount of negative sites in seaweed was 3.55 + 0.46 mmol/g.
Accordingly, the carboxylic group is the primary binding site in seaweed. Several
studies have also confirmed that the carboxylic functional groups are the main
binding sites present in seaweed (Yun 2004; Davis et al. 2000; Romero-Gonzalez et

al. 2001).

6.3 METAL SORPTION MECHANISM - ZEOLITE

In this section, the kinetics, isotherm and thermodynamics characteristics of the

mechanisms employed by zeolite for the sorption of metals are discussed.

6.3.1 DETERMINATION OF EQUILIBRIUM TIME

The equilibrium time is defined as the time, after which there is no increase in the
removal of metals, subject to experimental error (Vuckovic et al. 2010). Batch
kinetics experiments were conducted as described in Section 4.3.4 (A) and the plots
of the kinetics experimental data (Tables B.1-B.7 in Appendix B) are given in Figure
6.2.
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Figure 6.2 Sorption capacity vs. time graphs for zeolite: (a) Cu; (b) Ni; (¢) Cd;
(d) Pb; (e) Cr; (f) Al; (g) Zn (Legend:= 200 mg/L;= 100 mg/L; =50 mg/L; =20
mg/L)
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According to Figure 6.2, the sorption of metals by zeolite was a rapid process and the
system reached the equilibrium or near equilibrium within the first 60 minutes in
most cases when considered with the experimental error. Hence, thermodynamics
experiments described in Sections 4.3.4 (B) were conducted for one hour. The
equilibrium time found in this study is comparable to the values reported in research
literature. Kocaoba et al. (2007) found that equilibrium was achieved within 80
minutes in the sorption of Cd, Cu and Ni by natural clinoptilolite. BiSkup and
Subotic (1998) reported that the equilibrium time for Cd sorption by zeolite was less

than 30 minutes.

6.3.2 SORPTION KINETICS
The sorption kinetics experiments were conducted as described in Section 4.3.4 (A).
The sorption capacity data (Q;) (Tables B.1-B.7 in Appendix B) were plotted against

the square root of time (\'t) as shown in F igure 6.3.
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Figure 6.3 Qqvs. 't graphs for zeolite: (a) Cu; (b) Ni; (¢) Cd; (d) Pb; (e) Cr; ()
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In general, the graphs exhibit three linear regions (Figure 6.3a):

1. The initial linear portion corresponding to the boundary layer diffusion;
2. The second linear region corresponding to the intraparticle diffusion and

3. The plateau attributed to the equilibrium state.

Similar observations have previously been reported for the sorption of metals by
zeolite (Zou et al. 2006; Apiratikul et al. 2008). The existence of three linear regions
indicates that the overall metal removal rate of zeolite is governed by both boundary
layer and intraparticle diffusion processes (Al-Johani and Salam 2011). However,
according to Weber and Morris (1965), the relationship between sorption capacity
and square root of time can only provide information on the diffusion processes, but
does not provide any information regarding the influence of the metal binding
process. Consequently, the diffusion and metal binding rates were calculated using
the relevant mathematical models explained in Section 3.4 to further investigate the

metal sorption kinetics of zeolite.

(A) BOUNDARY LAYER DIFFUSION

The boundary layer diffusion rates were determined from the kinetics experimental
data (Tables B.1 — B.7 in Appendix B) using equation (3.8) and tabulated in Table
6.1:

Table 6.1 Boundary layer diffusion rates for zeolite

Initial metal concentrations (mg/L)

Metal ion
200 100 50 20
Cu 0.050 0.040 0.029 0.024
Ni 0.020 0.033 0.026 0.034
Cd 0.011 0.020 0.012 0.021
Pb 0.031 0.030 0.029 0.024
Cr 0.007 0.035 0.023 0.047
Al 0.057 0.058 0.065 0.066
Zn 0.009 0.010 0.015 0.007
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According to Table 6.1, the boundary layer diffusion rates decrease in the order

shown in Table 6.2:

Table 6.2 Boundary layer diffusion rate series for zeolite

Initial metal concentration/

(mg/L) Series

mg
200 Al>Cu>Pb>Ni>Cd>7Zn>Cr
100 Al>Cu>Cr>Ni=Pb>Cd>Zn
50 Al>Pb=Cu>Ni>Cr>Zn>Cd
20 Al>Cr>Ni>Pb=Cu>Cd>Zn

Though the series is not consistent across the initial metal concentrations, a general
trend can be observed. A driving force, which can be either physical factors such as
concentration gradient (Fick 1855) or chemical factors, for example, chemical
potential (Fisher 1973), is responsible for the diffusion of metal ions. In general, the
boundary layer diffusion is driven by the molar concentration gradient, i.e. the
difference between the metal concentration in solution and that in sorbent.
Accordingly, the rate is directly proportional to the molar concentration gradient
(Katsou et al. 2010). In this study, the experiments were conducted for equimass
concentration. Hence, their molar concentration decreased with increasing molecular
weight in the order of Al > Cr > Ni > Cu > Zn > Cd > Pb. Thus, the highest boundary
layer diffusion rate of Al observed in the study can be attributed to its highest molar
concentration in solution. Similarly, Cu and Ni were also present in relatively higher
molar concentration. Hence, their boundary layer diffusion rates were generally
higher. Furthermore, the lower molar concentration of Cd can be the reason for its
lower boundary layer diffusion rate. The relationship predicted by Wilke and Chang
(1955) suggested that the diffusion rate is low for ions with high molar volume. The
diffusion rate of Cr was lower than that of Cu in most cases, even though molar
concentration of Cr was higher than that of Cu. This is attributed to the relatively

higher molar volume of Cr than that of Cu (Singman 1984).

The molar concentration of Zn was approximately similar to that of Ni and Cu.

However, the boundary layer diffusion rate of Zn was lower than for the latter metal
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ions. This is attributed to the inert electron structure of Zn2+cati0n, the valence orbital
of which is full (3d'%). Consequently, the tendency of forming strong bonds with the
active sites of zeolite is weak (Liu et al. 2009). Therefore, the diffusion of Zn is
retarded due to the low chemical driving force, though Zn has a significant physical
driving force such as high molar concentration. Pb and Cd have low hydration
energy, which can facilitate their exchange for extra framework cations of zeolite
(Ouki and Kavannagh 1997). Therefore, despite their very low molar concentration,
the chemical driving force resulting from the low hydration energy is attributed to the
high diffusion rates of Pb and Cd in comparison to Zn. Therefore, it can be
concluded that both physical and chemical driving forces can have an influence on

the diffusion of metal ions through the boundary layer.

(B) INTRAPARTICLE DIFFUSION

Vermeulen (equation 3.9) and Weber-Morris (equation 3.10) models were used to
determine the intraparticle diffusion rates. As discussed in Section 4.6.2, non-linear
regression analysis was used to determine Vermeulen diffusion rates, while the
Weber-Morris diffusion rate was calculated based on the second linear region of Q
vs. vt plots (Figure 6.3). The intraparticle diffusion rates calculated for 200 mg/L
initial metal concentration using both models are presented in Table 6.3 for

comparison.
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Table 6.3 Intraparticle diffusion rates for 200 mg/L initial metal concentration

Metal

) Vermeulen model Weber-Morris model
ion
'Dy R 'Kwm 2 "Dwm
(x107 m’min™) (mg.g 'min™?) (x10” m’min™)

Cu 1.8 0.997 0.31 0.844 1.6

Ni 0.9 0.990 0.21 0.906 1.0

Cd 0.5 0.966 0.11 1.000 1.6

Pb 0.8 0.991 0.28 0.993 24

Cr 0.1 0.936 0.52 0.974 16

Al 1.2 0.992 0.33 0.964 1.2

Zn 0.4 0.995 0.21 0.909 3.6
Notes:

'Wermeulen intraparticle diffusion rate (D,); Weber-Morris constant related to intraparticle diffusion

rate (Kwwm); Weber-Morris intraparticle diffusion rate (Dww)

From Table 6.3, it can be observed that the Vermeulen diffusion rates are higher than
the Weber-Morris diffusion rate. Additionally, the Vermeulen rates decrease in the
order of Cu > Al > Ni > Pb > Cd > Zn > Cr, while the Weber-Morris rates decrease
in the order of Cr > Zn > Pb > Cu > Cd >Al > Ni. Difference in the intraparticle
diffusion rates predicted by Vermeulen and Weber-Morris models has been reported
in past research literature (Apiratikul and Pavasant 2008). The reliability of Weber-
Morris model prediction depends on the data points present in the second linear
region. As can be seen from Figure 6.3 above, there are only a few data points
present in the second linear region of Q, vs. vt graph. Thus, the prediction of
intraparticle diffusion rates using the Weber-Morris model cannot be considered as
reliable. Consequently, the Vermeulen model was used for the subsequent

calculation of intraparticle diffusion rates and tabulated in Table 6.4.
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Table 6.4 Intraparticle diffusion rates for zeolite

Initial metal concentration / (mg/L)

100 50 20
Metal
] D, D, D,
o (x107 R’ (x107 R’ (x107 R’
m’min™) m’min™) m’min™)

Cu 1.2 0.987 0.4 0.975 0.2 0.955
Ni 1.5 0.990 1.0 0.997 0.7 0.974
Cd 2.8 0.963 0.4 0.978 0.7 0.971
Pb 1.3 0.996 0.7 0.984 0.3 0.916
Cr 0.8 0.992 0.5 0.989 1.0 0.982
Al 1.3 0.995 1.6 1.000 2.4 0.996
Zn 0.4 0.990 0.4 0.966 0.2 0.915

Based on the Vermeulen intraparticle diffusion reported in Tables 6.3 and 6.4, the

following intraparticle diffusion rate series can be deduced as listed in Table 6.5.

Table 6.5 Intraparticle diffusion rate series for zeolite

Initial metal concentration / (mg/L) Series
200 Cu>Al>Ni>Pb>Cd>Z7Zn>Cr
100 Cd>Ni>Pb=Al>Cu>Cr>Zn
50 Al>Ni>Pb>Cr>Cu=Cd~=Zn
20 Al>Cr>Ni=Cd>Pb>Cu=Zn

The intraparticle diffusion rate is dependent on the size of the metal ions such that
the rate is higher for relatively smaller metal ions (Saucedo et al. 1992). This is
because a metal ion with a smaller ionic diameter can easily diffuse through the
pores of zeolite in comparison to larger metal ions. The metal ions in the solution are
present as their hydrated complexes (Ouki and Kavannagh 1997). Hence, hydrated
diameter of metal ions must be considered when investigating the intraparticle
diffusion of porous materials. Additionally, metal ions with low hydration energy can
lose some of the water molecules from their hydrated structure (Alvarez-Ayuso et al.
2003). As a result, the intraparticle diffusion of those metal ions can be enhanced

(Erdem et al. 2004). However, additional energy needs to be provided to break the
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bond between the water molecules and metals. In this study, the experiment was
conducted under room temperature. Thus, no additional energy was provided.

Therefore, metal ions are likely to remain in their hydrated form.

The hydrated diameter of metal ions decreases in the order of Al > Cr > Zn > Cd >
Cu > Ni > Pb (Pfleger and Wolf 1975). Thus, ideally, the intraparticle diffusion rates
have to increase in the reverse order, i.e. Pb > Ni > Cu > Cd > Zn > Cr > Al
According to Table 6.5, the intraparticle diffusion rates of Ni and Pb were generally
higher, while that of Zn was generally lower. Additionally, the intraparticle diffusion
rate of Cd was generally moderate. These observations are in agreement with the
series derived for intraparticle series based on hydrated ionic diameter. However, Al
was found to have a high intraparticle diffusion rate despite its larger hydrated ionic
diameter. This indicates that other factors also influenced the intraparticle diffusion
rates in addition to the hydrated ionic diameter. The existence of a larger physical
driving force for the diffusion of Al ions resulting from its higher molar
concentration is attributed to the higher intraparticle diffusion of Al. Additionally, Al
is a hard acid, the sorption of which is preferred by the hard bases (Pearson 1968).
As discussed in Section 6.2.2, zeolite consists of hydroxyl functional group, which is
a hard base (Pearson 1968). Therefore, sorption of Al is preferred by zeolite, which

provides the chemical driving force required for the intraparticle diffusion of Al.

Similarly, the intraparticle diffusion rate of Cr, which is another hard acid, was also
generally high despite its larger hydrated ionic diameter. On the other hand, the
intraparticle diffusion rate of Cu was relatively low, though the hydrated ionic
diameter of Cu is small. This is because Cu is a soft acid, which is not generally
preferred by the hard bases present in zeolite (Pearson 1968). Hence, the chemical
driving force for its diffusion is relatively smaller. However, it should be noted that
the larger intraparticle diffusion rates for metal ions with larger hydrated ionic
diameter imply that diffusion occurred into the cracks on the surface of zeolite rather
than inside the pores as explained in Section 3.4.2. It is worthy to note that the
relatively low intraparticle diffusion rate of Zn can also be attributed to its inert

valence structure in addition to its larger ionic diameter.
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Though a general trend can be observed as discussed above, the intraparticle
diffusion rate series is inconsistent across the initial metal concentration. As
discussed above, this is attributed to the involvement of above-mentioned physical
and chemical properties of the sorbent, metals and the solution in conjunction during
the sorption of metals, which result in different sorption scenarios. Additionally, the
properties of natural zeolites depend on factors such as the presence of impurities and
the pore geometry. Thus, these factors can vary from one batch to the other as
evident from the standard deviation of ECEC and the amount of negative sites as
discussed in Section 6.2. Consequently, each batch of zeolites can have different
metal removal characteristics. This may be another reason for the inconsistency

observed for the intraparticle diffusion rate series.

(C) METAL BINDING PROCESS

Metal binding rate corresponds to the rate, at which the metal ions are sorbed to the
active sites after the intraparticle diffusion step. As discussed in Section 3.4.2 (B),
pseudo first order and pseudo second order models are widely used to determine the
metal binding rates. The metal binding rates were determined by fitting the sorption
kinetics experimental data (Tables B.1-B.7 in Appendix B) to the pseudo first order
(equation 3.17) and second order (equation 3.15) models using the non-linear

regression analysis and presented in Table 6.6.
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Table 6.6 Pseudo first and pseudo second order metal binding rates for zeolite

Initial metal concentration

200 mg/L 100 mg/L 50 mg/L 20 mg/L
Metal
. First Second First Second First Second First Second
o order order order order order order order order
'k, R 'K, R K R K R K R K R K R K R’
Cu 040 0996 0.29 0995 029 0984 034 0982 0.12 0958 0.19 0988 0.09 0.931 0.26 0.975
Ni 024 0983 0.12 0997 035 0993 0.65 0977 026 099 041 0.993 0.22 0974 0.87 0.978
Cd 0.16 0941 0.11 0983 0.56 0964 6.85 0958 0.14 099 031 0971 0.20 0.958 1.47 0.971
Pb 023 0979 0.12 0993 031 0995 052 0992 020 0988 035 0977 0.12 0922 0.37 0.926
Cr 0.06 0993 0.03 0963 022 0987 0.19 0992 0.16 0998 0.26 0984 0.28 0974 1.14 0.992
Al 0.30 0988 0.12 0996 032 0993 0.25 0998 036 0.999 0.67 0.997 052 0.995 4.20 0.997
Zn 0.13 0981 0.09 0993 0.14 0968 031 0984 0.13 0991 024 0962 0.08 0.959 0.46 0.933

Notes:

'Pseudo first order metal binding rate (K;); Pseudo second order metal binding rate (K,)
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The R? values for both models were above 0.9 in all cases indicating a good fit with
the experimental data. The following order as shown in Table 6.7 can be deduced for
metal binding rates at different initial metal concentrations based on K; and K,

values.

Table 6.7 Metal binding rate series for zeolite

Initial metal

concentration Pseudo first order Pseudo second order
/ (mg/L)
200 Cu>Al>Ni>Pb>Cd>Zn>Cr Cu>Al=Ni=Pb>Cd>Zn>Cr
100 Cd>Ni>Al>Pb>Cu>Cr>Zn Cd>Ni>Pb>Cu>7Zn>Al>Cr
50 AI>Ni>Pb>Cr>Cd>Zn>Cu Al>Ni>Pb>Cd>Cr>Zn>Cu
20 Al>Cr>Ni>Cd>Pb>Cu>Zn Al>Cd>Cr>Ni>Zn>Pb>Cu

The metal binding rate series predicted by both pseudo first and pseudo second order
models is similar. Additionally, the rate series is approximately similar to the series
predicted for the intraparticle diffusion rates presented in Table 6.5. This indicates
that the metals that diffused relatively rapidly inside the intraparticle structures of
zeolite were rapidly sorbed to the active sites. Therefore, a majority of the active
sites must be present in the intraparticle structure of zeolite. For subsequent analysis
of sorption kinetics, the model that had relatively high R” values in most cases was
selected. Accordingly, for initial metal concentration of 200, 100, 50 and 20 mg/L,
pseudo second, first, first and second order models were selected, respectively, based

on their R? values.

(D) IDENTIFICATION OF RATE-LIMITING STEP

In Section 3.4.2 (C), it was concluded that it is necessary to develop a
mathematically rigorous analytical approach to determine the degree of contribution
of the sorption kinetics steps in limiting the overall metal removal rate. For this
purpose, a parameter, namely, ‘average specific metal removal rate (Z)’, was
introduced in this study to account for the overall metal removal rate. This term was
defined as the rate, at which the metal ions are removed by a unit mass of a sorbent

material, and was theoretically established as follows:
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According to the above definition,

1 dmy,
—_— 6.1
mg dt @D

where dm,, is the amount of metal ions removed by the sorbent of mass myin time dt.

However, Mm = (Co—Cy v (6.2)
Therefore, 7 — i i [(Co — Cp) V] (6.3)
mg dt

The volume of the solution can be assumed constant if the reduction in the volume of

the solution due to sample withdrawal is less than 10% of the initial volume.

d
Hence, =_V _ — (6.4)
Z=- qlCo— ]

The initial metal concentration Cy is constant.

Thus, z=--— 3% 6.5)
mg dt
Zm.dt
dc, = — mvs (6.6)

Integrating equation (6.6) with the following boundary conditions:

(t=0, Ci=Cp) and (t = t., C; = C,), where t. is the time taken for the system to

achieve equilibrium.

Ce Zm. [ dt
dc, = _Zms Jydt (6.7)
Co v
Zmgt
Co—Cop=— VS ° (6.8)

134



Z:V(CO_Ce)

6.9
— (6.9)
CO - Ce
H = 6.10
owever, Q. — (6.10)
Therefore, Z = % (6.11)

e

2

The parameter ‘Z’ was determined from the Qq vs. t plots presented in Figure 6.2.

The values are tabulated in Table 6.8.

Table 6.8 Z values for zeolite

Initial metal concentration / (mg/L)

Metalion 1200 100 '50 20
Cu 0.071 0.042 0.009 0.003
Ni 0.053 0.042 0.013 0.005
Cd 0.024 0.110 0.007 0.005
Pb 0.047 0.024 0.013 0.003
Cr 0.014 0.019 0.009 0.005
Al 0.059 0.018 0.016 0.018
Zn 0.026 0.015 0.005 0.002

The rate of the overall metal removal is dependent on the rate-limiting step.
Therefore, in principle, the rate of overall metal removal should be positively
correlated to that of the rate-limiting step. Consequently, the rate-limiting step was
identified by analysing the correlation of the average specific metal removal rate (Z2)
with the boundary layer diffusion rate (BLDR), Vermeulen intraparticle diffusion
rate (Dy) and the metal binding rate (K; or Kj). Initially, Spearman correlation
analysis was used to determine whether there is any correlation between the rate

variables. The results of the Spearman correlation analysis are presented in Table 6.9.
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Table 6.9 Correlation of Z with diffusion and metal binding rates

Rate parameter Initial metal "r 'p
concentration/
(mg/L)

*BLDR 200 0.929 0.007
100 -0.071 0.906
50 0.857 0.024
20 0.858 0.012

D, 200 1.000 0.000
100 0.821 0.034
50 0.929 0.007
20 0.955 0.003

K, or K, 200 0.893 0.012
100 0.750 0.066
50 0.857 0.024
20 0.839 0.024

Notes:

'Spearman ranking coefficient (r,); Significance of correlation (P)
2Boundary layer diffusion (BLDR); Vermeulen intraparticle diffusion (D,); Pseudo first order metal

binding rate (K,) or Pseudo second order metal binding rate (K;)

The significance (P) of the correlations presented in Table 6.9 is less than 0.05 in all
cases except for the boundary layer diffusion and the metal binding rates of 100
mg/L initial metal concentration. This indicates that the results of the analysis are
generally reliable. According to r, values, the intraparticle diffusion, boundary layer
diffusion and metal binding rates are correlated to the average specific metal removal
rate (Z) in all cases. However, the correlation of Z with the boundary layer diffusion
and metal binding rates is inconclusive for 100 mg/L initial metal concentration since
the significance was larger than 0.05. Except that, it can be concluded that all three

rates have contributed to the overall metal removal rate.

However, r, values cannot be used to interpret the strength of the relationship
between variables (Bolboaca and Jantschi 2006). Therefore, multivariate analysis,

PROMETHEE and GAIA, was employed to investigate the strength of the
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correlations predicted by the Spearman correlation analysis. The PROMETHEE and
GAIA techniques require the assignment of three modelling parameters: a ranking
sense (maximum or minimum); a preference function; and a weight. Since rapid rates
are favourable for good sorption performance, the rate variables were maximised. V-
shaped preference function (Table 4.3) was assigned based on the data characteristics

and a weight of 1 was allocated to all criteria to avoid any bias in the analysis.

According to the GAIA biplot for 200 mg/L initial metal concentration (Figure 6.4;
99% variance accounted), the average specific metal removal rate (Z) is correlated
with both diffusion rates (Dy and BLDR) and the metal binding rate (K;) indicating
that the overall metal removal rate depends on both diffusion and metal binding
processes. This is consistent with the results of Spearman correlation analysis for this
particular scenario. Among them, the primary rate-limiting step is intraparticle

diffusion since the correlation of Z with the intraparticle diffusion rate is relatively

stronger.
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Figure 6.4 GAIA biplot for 200 mg/L initial metal concentration - Zeolite

The Spearman correlation analysis for 100 mg/L was inconclusive. However, the
GALIA biplot (Figure 6.5; 99% variance accounted) confirms that Z is independent of
the boundary layer diffusion rate as both vectors are approximately orthogonal. Both,
metal binding and intraparticle diffusion rates are strongly correlated to Z, among
which the intraparticle diffusion rate is stronger than the metal binding rate.

Therefore, the primary rate-limiting step in this case is intraparticle diffusion.
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Figure 6.5 GAIA biplot for 100 mg/L initial metal concentration - Zeolite

In the case of 50 mg/L initial metal concentration, Spearman correlation predicted
that diffusion and metal binding rates contributed in limiting the overall metal
removal rate. However, according to the corresponding GAIA biplot (Figure 6.6;
96% variance described), the correlation of Z is stronger with the metal binding rate
and the intraparticle diffusion rate, while it is approximately at right angle to the
boundary layer diffusion rate. Thus, the primary rate-limiting steps are the metal
binding and the intraparticle diffusion processes. Additionally, the boundary layer
diffusion did not have any influence in limiting the overall metal removal rate, which
is in disagreement with the Spearman correlation prediction. Hence, the influence of

boundary layer diffusion on limiting the overall metal removal rate is inconclusive.

PC2
BLDR

A=96%

Figure 6.6 GAIA biplot for 50 mg/L initial metal concentration - Zeolite

The primary rate-limiting step is the metal binding process according to the GAIA

biplot (Figure 6.7; 100% variance accounted) for 20 mg/L initial metal concentration,
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as it is strongly correlated to Z. The intraparticle diffusion rate has also shown a
strong correlation to Z suggesting that it is also significantly limiting the overall
metal removal rate. However, the boundary layer diffusion rate vector is at right
angle to Z indicating that it has not contributed in limiting the overall rate. On the
other hand, the Spearman correlation analysis showed that the overall metal removal
rate is limited by the boundary layer diffusion, intraparticle diffusion and metal
binding steps. Therefore, similar to 50 mg/L initial metal concentration, the role of
the boundary layer diffusion on limiting the overall metal removal rate is

inconclusive.
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Figure 6.7 GAIA biplot for 20 mg/L initial metal concentration - Zeolite

In conclusion, the overall metal removal rate of zeolite was found to be influenced
primarily by the intraparticle diffusion and the metal binding rates. In general,
intraparticle diffusion has a significant influence in limiting the overall removal rate.
This can be due to the porous networks of zeolite, through which the metal ions have
to diffuse during their sorption process. The role of the boundary layer diffusion in
limiting the overall metal removal rate of zeolite is generally inconclusive due to the
contradiction in the Spearman and GAIA predictions. Therefore, further investigation
is necessary in such cases. This can be achieved by determining the boundary layer
diffusion rates at different agitation speeds. The diffusion rate will increase with the
increase in the agitation speed if the boundary layer diffusion is the rate-limiting step
(McKay and Poots 1980). This is because agitation reduces the thickness of the

boundary layer resulting in the reduction of boundary layer diffusion resistance.

As discussed in Section 3.4.2 (C), it is commonly assumed that metal binding is not a
rate-limiting step. However, Ho and McKay (1998) stated that this step could limit

the overall metal removal rate. The findings from this study confirmed the hypothesis
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by Ho and McKay (1998) since the metal binding process was found to be limiting
the overall metal removal rate of zeolite. This can specially be the case in a multi
metal system, in which a metal has to overcome the competition from other metal
ions to sorb to active sites. Consequently, this can slow the binding rate of the metal
ions. Furthermore, the competition between metals for the active sites can lead to a
cycle of sorption and desorption of metal ions. Consequently, the rate, at which the

metals are sorbed to the active sites, can be slow.

6.3.3 SORPTION THERMODYNAMICS

Thermodynamics parameters, namely enthalpy change (AH’) and entropy change
(AS”), were determined from the slope and y-intercept of the log (Kg) vs. (1/T)
graphs (Figure 6.8). The Ky values were calculated from the thermodynamics
experimental data (Table B.8 in Appendix B) using equation (3.21). Finally, the
Gibbs free energy change (AG") was calculated using equation (3.22) and equation
(3.23), respectively. The parameters are presented in Table 6.10.
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Table 6.10 Thermodynamics parameters for zeolite

Metal ion AH’ AS° AG'/(kJ/mol)

/(kJ/mol)  /(I/molK) 303" 313! 323! 333!
Cu 35.8 135.4 5.2 -6.6 7.9 93
Ni 27.5 114.9 ) -8.4 9.6 -10.7
cd 34.6 132.1 5.5 -6.8 -8.1 9.4
Pb 243 108.6 -8.6 9.7 -10.8  -11.9
Cr 18.6 91.5 91 -101  -11.0  -11.9
Al 15.2 81.0 93  -101  -11.0  -11.8
Zn 68.2 232.6 2.3 -4.6 -7.0 9.3

Notes:

! Absolute temperature / (K)

AG" for all the metals was negative at the investigated temperatures. As such, the
sorption of metals by zeolite can begin spontaneously (Lyubchik et al. 2004). AG®
values decrease with the increase in temperature suggesting that metal sorption is

more favourable at a higher temperature (Zaki et al. 2000).

Positive AH” indicates that the sorption of the investigated metal ions is endothermic
(El-Kamash et al. 2005). Among the metal ions, sorption of Zn is more endothermic
than the rest. Cu and Cd sorption is also highly endothermic, while Ni and Pb have a
moderately endothermic nature. Cr and Al have the least AH’ indicating that they
have the lowest endothermic character. This suggests that the sorption of Zn is more
favourable at high temperatures, while sorption of Cr and Al can occur at relatively
low temperatures. Hence, more energy, i.e. high temperature, is required to make the
bonding between Zn and the active sites in zeolite energetically favourable. Based on
thermodynamics parameters, the energetically favourable nature of sorption increases
as follows: Zn < Cu < Cd < Ni < Pb < Cr < Al. Accordingly, sorption of Al, Cr and
Pb is thermodynamically more favourable, while that of Zn, Cu and Cd is less
favourable. Furthermore, positive values for entropy change (AS®) suggest that
changes have occurred in the structure of zeolite due to the sorption of metals. These
changes are attributed to the cation exchange or formation of bonds with active sites

(Mohan and Singh 2002).

6.3.4 SORPTION ISOTHERM

Langmuir and Freundlich isotherm models were used in this study to understand the

interaction between the sorbent surface and metal ions. Firstly, the equilibrium
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sorption data (Tables B.9 in Appendix B) were fitted to the Langmuir isotherm
model as shown in Figure 6.9. Notably, the isotherm plot corresponding to Cr shows
a reasonably good fit (R* = 0.82) suggesting that Cr sorption could occur in
monolayer. Hard acidic nature of Cr can facilitate the formation of a stable complex
with hard bases of zeolite (Pearson 1968). Hence, the bonding of Cr with the active
sites of zeolite can be of a chemisorption nature, which exhibits monolayer
characteristics. However, though it is a hard acid, Al did not exhibit the monolayer
characteristics as can be seen from its R? value in Figure 6.9 (f). Al is found in larger
molar concentration. Hence, it requires relatively higher amount of active sites for
sorption. Consequently, the sorption of Al could occur via forming hydrogen bonds
with the metal ions sorbed to active sites instead of all Al ions being directly sorbed

to the active sites. This can result in multilayer sorption characteristics.

The model also showed poor fit with other metals as evident from the R? values of
Figure 6.9 indicating that the metal sorption was not of monolayer nature. This is
because the metal ions can form hydrogen bond with the metal ions sorbed to active
sites resulting in a multilayer on the surface of sorbent. In such a case, Freundlich

model is more suitable in describing the sorption system (Section 3.4.1B).
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Consequently, the isotherm experimental data were fitted to the linearised Freundlich

isotherm model (equation 3.7) as shown in Figure 6.10.
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Figure 6.10 Freundlich isotherm models for: (a) Cu; (b) Ni; (¢) Cd; (d) Pb; (e)
Cr; () Al; (8) Zn
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The Freundlich isotherm constants were calculated from the slope and y-intercept of
the Freundlich isotherm plots and are presented in Table 6.11. The R? values of the
model fit are above 0.9 indicating a good fit with the experimental data. This
confirms that the sorption occurred in multilayer, which is the general case in a multi

metal system (Geng-Fuhrman et al. 2007; Unlii and Ersoz 2006).

Table 6.11 Freundlich isotherm constants

. KF/ 2
Metal ion ((mg/g)/(mg /L)”“) n R

Cu 0.039 1.05 0.979

Ni 0.038 1.05 0.973

Cd 0.021 1.07 0.970

Pb 0.045 1.13 0.986

Cr 0.092 1.43 0.934

Al 0.059 1.01 0.994

/n 0.016 1.03 0.905

According to Ky values (Table 6.11), the affinity of zeolite for metal ions decreases
in the order of Cr > Al > Pb > Cu = Ni > Cd > Zn. As discussed in Section 6.2.2,
zeolite predominantly consists of the hydroxyl functional group, which is a hard
base. Hence, according to the HSAB principle, zeolite prefers to sorb with hard
metals (Pearson 1968). According to Table 3.4, the hard acidic nature of the
investigated metals decreases in the order of Al > Cr > Pb > Zn > Ni > Cd > Cu,
which is generally in agreement with the predicted affinity series. Therefore, the
predicted affinity series can be considered to reflect the HSAB principle.
Additionally, the affinity series approximately reflects the thermodynamics series
derived in Section 6.3.5 suggesting that the sorption affinity of zeolites is closely

associated to the sorption thermodynamics.

However, Zn and Cu did not follow the HSAB principle. Zn exhibits a relatively
high hard acidic property (Table 3.4). However, zeolite has the lowest affinity for Zn
sorption. The possible reason is the inert valence electron structure of Zn cation, due
to which the tendency of Zn to form bonds is low as explained in Section 6.3.2 (A).
Additionally, the diffusion and metal binding rates of Zn were also lower compared
to other metal ions (Section 6.3.2). Therefore, other metal ions reached the active
sites faster and occupied the sites. This can be another reason for zeolite to have low

affinity for Zn. In contrast, Cu is the softest acid among the metals investigated
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(Table 3.4), to which zeolite has relatively less affinity. Thus, the high sorption of Cu
is attributed to its high boundary layer diffusion rate, which can facilitate Cu to reach

the active sites more rapidly than certain other metals.

Similarly, the sorption affinity for other metals can also be explained based on the
physical and chemical factors. The reason for high affinity for Al can be attributed to
its high diffusion and metal binding rates (Section 6.3.2). Consequently, Al can reach
the active sites rapidly resulting in high probability of bonding with the active sites.
Despite relatively lower kinetics rates of Cr in most cases, zeolite was found to have
high affinity for Cr. This is attributed to the high charge density of Cr (Table 3.2),
which facilitates a strong physisorption bond between metals and active sites.
Consequently, sorbents prefer to sorb metals with high charge densities for stable
bonds. Similarly, the high affinity for Al is attributed to the high charge density in
addition to its high kinetics rates as described above. Additionally, a relatively higher
affinity for Pb is attributed to its higher rates and low hydration energy. Ni has
hydration energy higher than Pb and the differences in hydration energies of Cu and
Ni are not significant (Table 3.1). Hence, K¢ values for Cu and Ni are almost similar,
while lower than for Pb (Table 6.11). This indicates that Ni sorption was mainly
influenced by the hydration energy. The hydration energy of Cd is lower than that of
Cu and Ni. Hence, ideally zeolite should have a high preference for Cd. However,
the low affinity of zeolite for Cd is attributed to its low charge density (Table 3.2)

and low kinetics rates.

The n values calculated from Freundlich model can be used to predict the nature of
the interaction between metal and the sorbent as described in Section 3.4.1.
According to Table 6.11, the n values for the metals are greater than 1 indicating that
sorption is of a chemical nature. However, except for Pb and Cr, the values are very
close to 1. Therefore, physisorption and ion exchange could contribute to the
sorption process along with chemisorption. In contrast, the mechanism employed by
zeolite for the sorption of Pb and Cr is chemisorption. This is attributed to their
harder acidic nature that results in stronger complexation with the hydroxyl

functional group.
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6.4 METAL SORPTION MECHANISM - SEAWEED

A similar approach explained in Section 6.3 for zeolite was adopted to characterise

the metal sorption mechanism employed by seaweed.

6.4.1 DETERMINATION OF EQUILIBRIUM TIME

The equilibrium time for metal sorption by seaweed was determined using batch
kinetics experiment conducted as described in Section 4.3.4 (A). The metal sorption
capacity of seaweed (Tables B.10-B.16 in Appendix B) was plotted against time as
shown in Figure 6.11.
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Similar to zeolite, the sorption of metals by seaweed was a rapid process. In general,
the equilibrium or near equilibrium condition was achieved within the first 60
minutes when considered with the experimental errors. Previous studies reported
similar rapid sorption of metals by seaweed. For example, Sheng et al. (2004) found
that 90% of total metal sorption occurred within the first hour, whilst Romero-
Gonzalez (2001) reported that 91% of Cd in the solution was removed by seaweed in
the first 5 minutes. Therefore, the isotherm and thermodynamics experiments

described in Sections 4.3.4 (B) for seaweed were conducted for one hour.

6.4.2 SORPTION KINETICS

The sorption capacity data (Q;) (Tables B.10-B.16 in Appendix B) when plotted
against the square root of time (Vt) as shown in Figure 6.12, three linear regions are
generally present. Thus, it can be concluded that the overall metal removal rate of
seaweed is governed by both boundary layer and intraparticle diffusion processes.
Gupta and Rastogi (2009) found that both diffusion processes influenced the sorption
of Cr by seaweed. Similar conclusions were drawn by Jha et al. (2009) for the

sorption Pb and Cd by seaweed as well.

The diffusion and metal binding rates were determined using the kinetics models

(Section 3.4.2) to further investigate the metal sorption kinetics of seaweed.
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(A) BOUNDARY LAYER DIFFUSION

Equation (3.8) was used to calculate the boundary layer diffusion rates. The batch
kinetics experimental data (Tables B.10-B.16 in Appendix B) were used for this
purpose. The boundary layer diffusion rates are tabulated in Table 6.12:

Table 6.12 Boundary layer diffusion for seaweed

Initial metal concentration / (mg/L)

Metal ion
200 100 50 20
Cu 0.029 0.040 0.043 0.032
Ni 0.029 0.051 0.018 0.006
Cd 0.005 0.031 0.015 0.017
Pb 0.034 0.076 0.065 0.024
Cr 0.040 0.040 0.022 0.017
Al 0.060 0.061 0.042 0.035
Zn 0.013 0.007 0.017 0.017

Based on Table 6.12, the series presented in Table 6.13 can be derived for the

boundary layer diffusion rates:

Table 6.13 Boundary layer diffusion rate series for seaweed

Initial metal concentration/ (mg/L) Series
200 Al>Cr>Pb>Cu>Ni>Zn>Cr
100 Pb>Al>Ni>Cu=Cr>Cd>Zn
50 Pb>Cu>Al>Cr>Ni>Zn>Cd
20 Al>Cu>Pb>Cr~=Cd=Zn>Ni

In comparison to the series derived for zeolite (Table 6.2), the series for seaweed
shows more variation. This is attributed to more heterogeneity in the properties of
seaweed than that of zeolite (Section 6.2). However, a general trend in the rate series
can be observed. Accordingly, Al and Cu generally have a high boundary layer
diffusion rate and Ni and Cr have a moderate boundary layer diffusion rate. This is
attributed to the large driving force resulting from the high molar concentration of
these metals. On the other hand, Cd and Zn exhibit a low boundary layer diffusion

rate. Low molar concentration of Cd and the inert valence electron structure of Zn
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cation are the reasons for their low boundary layer diffusion rates. Pb was an
exception since it had relatively higher boundary layer diffusion despite its low
concentration. This is attributed to its large chemical driving force as a result of low

hydration energy (Table 3.1).

(B) INTRAPARTICLE DIFFUSION

In Section 6.3.2 (B), it was concluded that determination of the intraparticle diffusion
rate using Weber-Morris model is not reliable if the number of data points in the
second linear region of Q; vs. \t plot is small. As can be seen from Figure 6.12, the
data points are few in the second linear region. Hence, only the Vermeulen model
was used to calculate the intraparticle diffusion rates. Accordingly, the Vermeulen
intraparticle diffusion rates (D,) were determined using the batch sorption kinetics

data (Tables B.10-B.16 in Appendix B) and are presented in Table 6.14:

Table 6.14 Intraparticle diffusion rates for seaweed

Initial metal concentration / (mg/L)

200 100 50 20
Metal

Dy Dy Dy Dy
(x107 R’ (x107 R’ (x107 R’ (x107 R’

ion

m’min™) m’min™) m’min™) m’min™)

Cu 0.72 0.997 1.8 0.962 1.8 0.996 0.59 0.997
Ni 0.44 0.984 1.5 0.997 0.15 0.810 0.12 0.873
Cd 0.05 0.895 0.94 0.995 0.14 0911 0.54 0.979
Pb 0.43 0.984 1.7 0.987 1.8 0.951 0.36 0.931
Cr 0.63 0.980 0.28 0.989 0.18 0.979 0.16 0.986
Al 1.2 0.995 0.44 0.988 0.61 0.978 0.41 0.940
Zn 0.47 0.960 0.04 0.853 0.38 0.968 0.19 0.979

The R? values are generally high indicating a good fit of the Vermeulen model with
the experimental data. The intraparticle diffusion rates in Table 6.14 show the trends

given in Table 6.15.
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Table 6.15 Intraparticle diffusion rate series for seaweed

Initial metal concentration/ (mg/L) Series
200 Al>Cu>Cr>Zn>Ni>Pb>Cd
100 Cu>Pb>Ni>Cd>Al>Cr>Zn
50 Cu=Pb>Al>Zn>Cr>Ni>Cd
20 Cu>Cd>Al>Pb>Zn>Cr>Ni

Seaweed does not have a well established porous structure compared to zeolite (Park
et al. 2004). Hence, the pore diffusion is not the primary intraparticle diffusion
mechanism in seaweed. As can be seen from Table 6.15, the intraparticle diffusion
rate series does not reflect the hydrated ionic diameter series (Table 2.1). Thus, the
observed intraparticle diffusion is attributed to their surface roughness. Similar to
zeolite, the intraparticle rate series is not consistent and the heterogeneity of the
properties of seaweed is the reason for the variation in the intraparticle diffusion rate
series (Section 6.2). In the study by Brayan and Hummerstone (1973), the sorption of
metals to seaweed was found to be dependent on the portion of the plant. Seaweed
consists of hard stipes and blades, which have different chemical composition.
Hence, different parts of seaweed exhibit different metal sorption properties (Leusch
et al. 1997). The heterogeneity of seaweed properties would make the design of a
treatment system for practical water treatment application, difficult. Thus, an in-
depth investigation of the heterogeneity of seaweed properties can be the starting

point for utilising seaweed for practical applications.

Nevertheless, a general trend can be observed for the intraparticle diffusion rates. In
general, Cu and Al have a higher intraparticle diffusion rate, which is attributed to
large physical driving force developed due to high molar concentration. Notably, the
intraparticle diffusion rate of Zn is moderate for seaweed in contrast to zeolite, which
is attributed to its moderate hydration energy (Table 3.1). This suggests that Zn is
sorbed via ion exchange mechanism as discussed in Section 3.2. However, Sheng et
al. (2004) attributed similar observation to the sorption through ionic bonding
resulting from a strong attraction between Zn>" and anionic active sites (Sheng et al.
2004). Therefore, an isotherm or thermodynamics study is necessary to confirm
which of these mechanisms are employed by seaweed for the sorption of Zn. The

intraparticle diffusion rates of Cr, Ni, Cd and Pb show variation, i.e. these metals
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have both high and low diffusion rates (Table 6.15). The higher diffusion of Cr and
Ni is attributed to the large physical driving force resulting from high molar
concentration. In contrast, Pb and Cd have relatively higher intraparticle diffusion
rates despite the low molar concentration. In such cases, the intraparticle diffusion of
Pb and Cd is governed by the chemical driving force created by low hydration
energy. Similarly, high hydration energy is the reason for low diffusion rates of Cr.
Furthermore, low diffusion rates of Cd and Pb is attributed to their high molar
volume, which can retard their intraparticle diffusion (Wilke and Chang 1955).

(C) METAL BINDING PROCESS

Pseudo first order and pseudo second order models were fitted to the kinetics

experimental data to determine the metal binding rates and presented in Table 6.16.
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Table 6.16 Pseudo first and pseudo second order sorption rates for seaweed

Initial metal concentration / (mg/L)

200 100 50 20
Metal
. First Second First Second First Second First Second
o order order order order order order order order
'k R 'K, R K R K R K R K R K R K F
Cu 0.21 0.990 0.10 099 0.23 0981 0.18 0998 0.38 0.99 1.2 0993 0.17 0989 0.66 0.994
Ni 0.13 0970 0.04 0988 036 0.995 035 0995 0.07 0.869 0.05 0.855 0.06 0934 0.27 0.899
Cd 0.04 0.958 0.01 0952 025 0994 026 0988 0.06 0.965 006 0946 0.16 0994 090 0.969
Pb 0.14 0963 0.04 0994 040 098 0.12 0971 0.26 0.957 0.12 0951 0.08 0.894 0.27 0.947
Cr 0.19 0970 0.06 0993 0.10 0.978 0.04 0991 0.07 0.990 0.06 0.987 0.07 0.965 021 0.985
Al 0.36  0.998 0.16 0999 0.14 0973 0.05 0994 0.19 0971 022 0992 0.14 0912 045 0.964
Zn 0.15 0981 0.09 00955 0.03 0953 0.01 0940 0.13 0960 0.19 0.984 0.08 0949 0.27 0.988

Notes:

'Pseudo first order metal binding rate (K;); Pseudo second order metal binding rate (K,)
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Both models fit the experimental data well since the R? values are above 0.9 in
almost all the cases. Pseudo second order model showed better fit in most cases for
200, 100 and 20 mg/L initial metal concentration. In contrast, pseudo first order
model fitted well for 50 mg/L initial metal concentration for most metal ions. Based
on K, and K, values, the rate series shown in Table 6.17 was derived for the metal

binding rates.

Table 6.17 Metal binding rate series for seaweed

Initial
metal
concentra First order Second order

tion /

(mg/L)

200 Al>Cu>Cr>Zn>Pb>Ni>Cd Al>Cu>Zn>Cr>Pb>Ni>Cd
100 Pb>Ni>Cd>Cu>Al>Cr>Zn Ni>Cd>Cu>Pb>Al>Cr>Z7Zn
50 Cu>Pb>Al>Zn>Cr=Ni>Cd Cu>Al>Zn>Pb>Cr>Cd>Ni
20 Cu>Cd>Al>Pb=Zn>Cr>Ni  Cd>Cu>Al>Pb>Ni>Zn>Cr

Except for Pb and Al, there is no significant difference between the series derived by
both models. Additionally, the series is similar to the intraparticle diffusion rate
order. This implies that more active sites are exposed to the metal ions in the cracks
relative to its external surfaces. Furthermore, the ions can be physically trapped
inside the cracks, which can reduce the possibility of the metal ions being desorbed
back to the solution. This can facilitate the rapid sorption on the active sites inside
the cracks. On the other hand, the metal ions sorbed to the external surfaces can be
easily desorbed back to solution in an agitated system. In such cases, the sorption of

metal ions can be slow.

(D) IDENTIFICATION OF RATE-LIMITING STEP

The approach adopted for zeolite (Section 6.3.2 D) was also employed for
determining the rate-limiting step in the sorption of metals by seaweed. The average
specific metal removal rate (Z) (equation 6.11) was calculated by dividing Q. by t.
obtained from Figure 6.11 and presented in Table 6.18:

157



Table 6.18 Z values for seaweed

Initial metal concentration / (mg/L)

Metal ion
200 100 50 20
Cu 0.049 0.045 0.026 0.004
Ni 0.035 0.052 0.008 0.002
Cd 0.019 0.037 0.008 0.002
Pb 0.033 0.036 0.008 0.003
Cr 0.047 0.021 0.011 0.002
Al 0.090 0.029 0.013 0.004
Zn 0.045 0.028 0.010 0.002

Spearman analysis was conducted to investigate the correlations of Z with diffusion

and metal binding rates and the results are tabulated in Table 6.19.

Table 6.19 Correlation of Z with diffusion and reaction rates

Rate parameter Initial metal 'rg p
concentration/
(mg/L)

“BLDR 200 0.628 0.139
100 0.193 0.662
50 0.500 0.267
20 0.933 0.003

D, 200 1.000 0.000
100 0.786 0.048
50 0.646 0.110
20 0.447 0.302

’K, or K, 200 0.929 0.007
100 0.929 0.007
50 0.714 0.088
20 0.139 0.783

Notes:

'Spearman ranking coefficient (r,); Significance of correlation (P)
*Boundary layer diffusion (BLDR); Vermeulen intraparticle diffusion (D,); Pseudo first order metal

binding rate (K,) or Pseudo second order metal binding rate (K)
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According to Table 6.19, it can be concluded that Z is correlated with the boundary
layer diffusion rate for 20 mg/L initial metal concentration. In the case of 200mg/L,
the intraparticle diffusion and metal binding rates are correlated with Z. Similarly,
the metal binding rate is correlated with Z for 100 mg/L initial metal concentration.
However, for the rest of the scenarios, the P values of the Spearman correlations are
more than 0.05 indicating that the spearman correlation analysis is inconclusive in

these cases.

The GAIA biplot for 200 mg/L initial metal concentration is given in Figure 6.13

(100% variance accounted).
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Figure 6.13 GAIA biplot for 200 mg/L initial metal concentration - Seaweed

According to the GAIA biplot, the overall metal removal rate of seaweed is
controlled by the intraparticle diffusion and metal binding steps, which is similar to
Spearman correlation analysis prediction (Table 6.19). In contrast, the influence of
the boundary layer diffusion in limiting the overall metal removal rate is
inconclusive in Spearman correlation due to high P value. However, GAIA biplot

predicts that the boundary layer diffusion is not a rate-limiting step.

Spearman correlation for 100 mg/L initial metal concentration predicted that both
intraparticle and metal binding kinetics steps were rate limiting. However, the
significance of correlation between Z and the boundary layer diffusion rate is more
than 0.05. Hence, the influence of boundary layer diffusion is not conclusive.
Nevertheless, the GAIA biplot (Figure 6.14; 93% variance accounted) suggests that

the boundary layer diffusion is not a rate-limiting step. In contrast, the intraparticle
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and metal binding steps have an influence on the overall metal removal rate, among
which the metal binding process is the primary rate-limiting step.

PC2

PCl1

Figure 6.14 GAIA biplot for 100 mg/L initial metal concentration - Seaweed

The GAIA biplot for 50 mg/L (Figure 6.15; 98% variance accounted) indicates that
the overall metal removal rate is controlled only by the metal binding step. Hence,
the sorption mechanism is slow chemisorption process. The Spearman analysis for
50 mg/L initial metal concentration was inconclusive since the significance of the

analysis was more than 0.05 in all cases.

PC2

PCl1

Figure 6.15 GAIA biplot for 100 mg/L initial metal concentration - Seaweed

According to the GAIA biplot for 20 mg/L initial metal concentration (Figure 6.16;
98% variance described), the correlation of Z is relatively stronger with the boundary
layer diffusion rate. This is in agreement with the Spearman correlation analysis.
This can be possible since at low concentration, the active sites present in seaweed

are adequate for the sorption of all metal ions. Thus, diffusion inside the cracks and
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metal binding can be rapid. However, due to relatively low molar concentration

gradient, the boundary layer diffusion can be slow.
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Figure 6.16 GAIA biplot for 20 mg/L initial metal concentration - Seaweed

6.4.3 SORPTION THERMODYNAMICS

By following the similar approach adopted in Section 6.3.4, the thermodynamics
parameters were determined based on the plots shown in Figure 6.17 and are
tabulated in Table 6.20. The experimental data used for the analysis can be found in

Table B.17 in Appendix B.
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Figure 6.17 LOG(Kp) vs. 1/T plots for seaweed: (a) Cu; (b) Ni; (c) Cd; (d) Pb;
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Table 6.20 Thermodynamics parameters for seaweed

Metal ion AH® AS° AG®/(kJ/mol)

/(kJ/mol) /(J/mol.K) '303 1313 1323 '333
Cu 35.1 135.6 6.0 7.4 8.7 -10.1
Ni 20.5 94.8 8.2 9.1 -10.1 -11.0
cd 34.7 134.4 6.0 7.3 -8.7 -10.0
Pb 22.7 105.7 9.4 -10.4 -11.5 -12.5
Cr 16.5 86.0 9.5 -10.4 -11.2 -12.1
Al 16.5 86.0 9.5 -10.4 -11.2 -12.1
Zn 46.9 169.6 4.5 6.2 7.9 9.6

Notes:

! Absolute temperature / (K)

The negative Gibbs free energy change (AG”) for the metal ions at the investigated
temperatures indicates that sorption of metals by seaweed can begin spontaneously.
The metal sorption is more favourable at higher temperature since the AG” values
decrease with increasing temperature. The enthalpy change (AH) is positive for all
metal ions. Hence, the metal sorption by seaweed is of endothermic nature.
According to the AH® values, the energetically favourable nature of metal sorption
increases in the following order: Zn < Cu < Cd < Cr = Al < Pb < Ni. Accordingly,
high temperature is necessary for the sorption of Zn. However, AH? for Ni, Pb, Cr,
Cu and Zn in seaweed is lower compared to zeolite. This suggests that the sorption of
these metals by seaweed is thermodynamically favourable than the sorption by
zeolite. In contrast, zeolite can be thermodynamically the better option for the
sorption of Cd and Al. Positive AS® indicates that changes occurred in the seaweed
structure due to the sorption of metals, which are attributed to cation exchange or

formation of bonds with the active sites (Mohan and Singh 2002).

6.4.4 SORPTION ISOTHERM

The equilibrium sorption data (Tables B.18 in Appendix B) were initially fitted with
the Langmuir isotherm model and presented in Figure 6.18. Similar to zeolite, the R
values are low suggesting that sorption occurred in multilayer as described for zeolite
in Section 6.3.3. Therefore, the equilibrium sorption data were fitted to the

Freundlich model as shown in Figure 6.19.
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The isotherm constants derived from the slope and y-intercept of Freundlich plots are
tabulated in Table 6.21. The R* values are high indicating a good fit of Freundlich
isotherm with the experimental data. Aravindhan et al. (2004) and Antunes et al.

(1996) also reported similar results with the Freundlich isotherm model.
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Figure 6.19 Freundlich isotherm models for seaweed: (a) Cu; (b) Ni; (¢) Cd; (d)
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Table 6.21 Freundlich isotherm constants for seaweed

. Ky/ 2
Metal ion ((mg/g)/(mg /L)l/“) n R
Cu 0.04 1.07 0.989
Ni 0.01 0.76 0.879
Cd 0.03 1.00 0.902
Pb 0.03 0.89 0.852
Cr 0.03 0.86 0.889
Al 0.02 0.81 0.876
Zn 0.06 1.23 0.764

In Section 6.4.2 (B), it was concluded that either ion exchange mechanism or ionic
bonding was responsible for the sorption of Zn by seaweed. According to the n
values, it is confirmed that the sorption of Zn occurred via ionic bonding since the n
value for Zn suggests that the sorption bond is strong, which is a characteristic of the
ionic bond. On the other hand, sorption of Ni, Pb, Cr and Al occurred via
physisorption or ion exchange. The n values of Cd and Cu are 1 or close to 1
suggesting that physisorption can have an influence on the sorption of these metals
along with chemisorption. The affinity of seaweed for metal was deduced based on
the K values (Table 6.21) and it is as follows: Zn > Cu > Pb = Cd = Cr > Al > Ni.
This affinity series is not in agreement with the series predicted by the
thermodynamics study (Section 6.4.3) suggesting that the sorption thermodynamics

has little impact on the metal sorption affinity of seaweed.

High affinity for Cu can be attributed to high intraparticle diffusion rate, which
helped Cu to reach the active sites faster and, consequently, increased the possibility
of Cu sorption. Pb and Cd exhibited similar affinity, which can be due to their low
hydration energy. Therefore, Pb and Cd are sorbed via ion exchange mechanism as
predicted based on the n values. Seaweed contains hard bases such as the carboxylic
and hydroxyl functional groups. However, the affinity of seaweed for hard acids such
as Cr and Al was low. As suggested by the n values (Table 6.21), the primary
mechanism employed by seaweed for the sorption of Cr and Al is ion exchange. This
is possible since seaweed contains a large number of ion exchange sites (Section
6.2.1). However, Cr and Al have larger hydration energies. Hence, it is difficult for
Al and Cr to participate in the ion exchange mechanism. Consequently, sorption

affinity for Al and Cr is low. Furthermore, sorption of Ni by seaweed that has a large
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number of hard bases occurred via physisorption, according to the n values (Table
6.21). However, Ni has low charge density that can retard its physisorption, which is

the reason for seaweed having low affinity for Ni.

6.5 CONCLUSIONS

Kinetics, isotherm and thermodynamics characteristics of metal sorption mechanism
were investigated for zeolite and seaweed. The sorption system attained equilibrium
within an hour for zeolite and seaweed. The boundary layer diffusion of metals in
zeolite was primarily influenced by the molar metal concentration, molar volume,
valence electron configuration and hydration energy. The intraparticle diffusion rates
were determined using both Weber-Morris and Vermeulen models. Vermeulen
intraparticle model is recommended over Weber-Morris model for determining the
intraparticle diffusion rates when only a few data points are present in the second
linear region of Q; vs. \t plot. Furthermore, the intraparticle diffusion rate series was
inconsistent for different initial metal concentration, which was attributed to the

variation of zeolite properties.

However, in general, the Vermeulen intraparticle diffusion rates are governed by
hydrated ionic size, chemical hardness and molar concentration of metal ions.
Furthermore, the metal binding rates can be described by both pseudo first order and
second order kinetics models and the metal binding rate series is approximately
similar to the intraparticle rate series. Hence, it was concluded that the active sites in
zeolite should be present in the pores. A parameter called average specific metal
removal rate was proposed to account for overall metal removal rate and
mathematically established. This parameter was used to develop an analytical
approach based on the Spearman correlation and GAIA techniques to identify the
rate-limiting steps. The primary rate-limiting step of the sorption kinetics of zeolite
was found to be intraparticle diffusion followed by the metal binding process. The
effect of the boundary layer diffusion on the overall metal removal rate of zeolite

was inconclusive.

Thermodynamics studies were conducted to further investigate the zeolite sorption

system. Negative Gibbs free energy change suggested that sorption of metal ions by
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zeolite is favourable at high temperatures. Sorption of metals by zeolite is
endothermic and changed the structure of zeolite. Furthermore, sorption is
energetically favourable in the order of Al > Cr > Pb > Ni > Cd > Cu > Zn. The
affinity of zeolite for metal sorption was found to be influenced by the sorption
thermodynamics. In general, the characteristics of zeolite are best described by the
Freundlich model indicating that metal sorption by zeolite is of multilayer nature. In
addition, charge density, hydration energy, valence electron configuration of the ion
and the kinetics rates influence the affinity of zeolite for the sorption of metal ions.
The sorption mechanism employed by zeolite is chemisorption for Pb and Cr, while
ion exchange or physisorption also contribute in the sorption of Al, Cd, Zn, Ni and

Cu.

The analytical approach similar to zeolite was adopted to define the mechanisms
employed by seaweed for metal sorption. The boundary layer diffusion is primarily
influenced by the molar metal concentration and hydration energy, while the
intraparticle diffusion rate is governed by the molar concentration, hydration energy
and molar volume of metal ions. Similar to zeolite, inconsistency in the intraparticle
diffusion rate series for different initial metal concentration was observed, which was
attributed to the heterogeneity of seaweed properties. Both pseudo first order and
second order kinetics models can be used to describe the metal binding process of
seaweed. It was hypothesised that the sorption sites in seaweed are predominantly
found inside the cracks on the external surface since the metal binding rate series was
approximately similar to the intraparticle rate series. The primary rate-limiting step is
the metal binding process and the intraparticle diffusion also has an influence on
metal sorption. The boundary layer diffusion also limits the overall metal removal

rate in certain cases.

Thermodynamics study suggested that the metal sorption is energetically favourable
in the following order: Zn < Cu < Cd < Cr = Al < Pb < Ni. However, this order does
not reflect the affinity order derived from the Freundlich constants indicating that
sorption thermodynamics has limited influence on the metal sorption. In contrast,
kinetics rates, hydration energies and charge densities of metal ions influence the

sorption affinity of seaweed. Additionally, the sorption of Ni, Pb, Cu, Cr and Zn by
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seaweed is thermodynamically favourable than by zeolite, while zeolite is
thermodynamically the best option for Cu, Cd and Al. Zn sorption by seaweed occur
via ionic interaction with the anionic sites of seaweed. Cr, Al, Pb and Cd are sorbed
by seaweed via ion exchange mechanism, whilst sorption of Ni occurs via

physisorption.
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Chapter 7: Isotherm, kinetics and
thermodynamics of metal
sorption by innovative mixtures

7.1 INTRODUCTION

The outcomes from Chapter 6 confirmed that the sorption of metal ions is influenced
by the isotherm, thermodynamics and kinetics characteristics of the mechanisms
employed by the sorbents. Depending on these characteristics, zeolite and seaweed
prefer to sorb specific metal ions, which in turn can result in poor removal of the less
preferred metal ions. Therefore, it was hypothesised that affinity for the sorption of
metals can be enhanced by using mixtures of seaweed and zeolite, whereby the
different isotherm, kinetics and thermodynamics characteristics of both sorbents can
be utilised. Additionally, it was also hypothesised that the thermodynamics and
kinetics aspects of metal sorption by zeolite-seaweed mixtures can be mathematically

related to those of individual sorbents based on the mass conservation principle.

In order to test these hypotheses, batch sorption experiments for mixtures were
conducted as described in Section 4.3.4 and the kinetics, isotherm and
thermodynamics parameters were determined using a similar approach as described
in Section 6.3. In this chapter, firstly, the metal sorption kinetics, isotherm and
thermodynamics characteristics of mechanisms employed by the mixtures are
discussed. Thereafter, the determination of theoretical kinetics and thermodynamics
parameters for mixtures from the mathematical relationships derived based on mass
conservation principle are discussed. The applicability of these theoretical
relationships is investigated using the experimental values. Finally, the effect of

mixing the sorbent materials on sorption affinity is evaluated.

7.2 DETERMINATION OF EQUILIBRIUM TIME

Four mixtures were prepared by mixing zeolite and seaweed in the proportions given

in Table 7.1:
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Table 7.1 Composition of mixtures

Mixture % zeolite % seaweed
1 80 20
2 60 40
3 40 60
4 20 80

The kinetics batch experiments were conducted for mixtures as described in Section
434 (A). The time required for each mixture to attain equilibrium or near
equilibrium state was determined from the plots of the kinetics experimental data

(Tables C.1-C.4 in Appendix C) shown in Figure 7.1:
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Figure 7.1 Sorption capacity vs. time graphs for mixtures: (a) mixture 1; (b)
mixture 2; (¢) mixture 3; (d) mixture 4
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According to Figure 7.1, the sorption of metals by mixtures was rapid. In Chapter 6,
it was found that the sorption of metals by seaweed and zeolite was also rapid.
Similar to zeolite and seaweed, the sorption equilibrium or near equilibrium was
achieved in less than 60 minutes for the investigated metal ions. Therefore, the

thermodynamics experiments for mixtures were conducted for one hour.

7.3 METAL SORPTION MECHANISMS OF MIXTURES

7.3.1 SORPTION KINETICS

The sorption capacity data (Q;) (Tables C.1-C.4 in Appendix C) vs. square root of
time (\'t) plots for mixtures are presented in Figure 7.2. The plots show three linear
regions indicating that both boundary layer and intraparticle diffusion processes are

involved in the sorption of metals by mixtures.

eCu mNi eCd XxXPb XxCr aAl Zn e©Cu mNi eCd xPb xCr aAl Zn

10 + 10 +

Q./ (mg/g)

eCu mNi eCd xXPb XCr aAl Zn eCu mNi eCd XxXPb XCr aAl Zn

Q./ (mg/g)

\t / (min."®) t / (min."®)

(c) (d)
Figure 7.2 Qq vs. \t plot for mixtures: (a) mixture 1; (b) mixture 2; (¢) mixture
3; (d) mixture 4
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The boundary layer diffusion rates for mixtures were determined using equation (3.8)
and the values are tabulated in Table 7.2 along with the boundary layer diffusion

rates for zeolite and seaweed.

Table 7.2 Boundary layer diffusion rates for mixtures / (min™)

Metal ion Cu Ni Cd Pb Cr Al Zn

Zeolite 0.050 0.020 0.011 0.031 0.007 0.057 0.009
Mixture 1 0.014 0.046 0.025 0.038 0.018 0.061 0.025
Mixture 2 0.019 0.034 0.012 0.022 0.019 0.034 0.010
Mixture 3 0.050 0.039 0.021 0.060 0.048 0.073 0.021
Mixture 4  0.031 0.040 0.019 0.030 0.021 0.041 0.025

Seaweed 0.029 0.029 0.005 0.034 0.040 0.060 0.013

According to Table 7.2, the boundary layer rates decrease in the order shown in

Table 7.3.

Table 7.3 Boundary layer diffusion rate series

Metal ion Boundary layer rate series
Zeolite Al>Cu>Pb>Ni>Cd>Zn>Cr
Mixture 1 Al>Ni>Pb>Cd=Zn>Cr>Cu
Mixture 2 Ni=Al>Pb>Cu=Cr>Cd>Z7n
Mixture 3 Al>Pb>Cu>Cr>Ni>Cd=Zn
Mixture 4 Al>Ni>Cu>Pb>7Zn>Cr>Cd
Seaweed Al>Cr>Pb>Cu>Ni>Zn>Cd

In Chapter 6, it was found that the boundary layer diffusion rates of Al, Ni, Cu and
Cd in both seaweed and zeolite are influenced by the molar concentration. Similarly,
in both sorbents, the boundary layer diffusion rates of Pb and Zn are governed by the
hydration energy and valence electron configuration, respectively. Hence, the
boundary layer diffusion rate series of these metals can be expected to be unaffected
in mixtures since the boundary layer diffusion rates depend on the properties of metal

ions and not on the properties of the sorbents.
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As evident in Table 7.3, for mixtures, the boundary layer diffusion rates of Al, Cu
and Ni were generally higher than other investigated metals due to their relatively
higher molar concentration. On the other hand, the molar concentration of Cd was
low in the solution, due to which the boundary layer diffusion rates of Cd were
generally lower for mixtures as was the case for zeolite and seaweed. Pb exhibited
higher boundary layer diffusion rates due to its low hydration energy, while Zn had
low boundary layer diffusion rates due to its inert valence electron structure.
However, the boundary layer rate of Cr was influenced by the molar volume in
zeolite and by the molar concentration in seaweed (Sections 6.3 and 6.4).
Accordingly, high molar concentration of Cr can enhance its boundary layer
diffusion by providing a large physical driving force, while its high molar volume
can retard its diffusion as suggested by Wilke and Chang (1955). Hence, in mixtures,
the boundary layer diffusion rate order of Cr varied depending on whether molar

concentration or molar volume governed the boundary layer diffusion.

The intraparticle diffusion rates for mixtures were determined by fitting the batch
kinetics experimental data presented in Tables C.1-C.4 in Appendix C with the
Vermeulen model (equation 3.9). The Vermeulen rates are tabulated in Table 7.4

along with the rates for zeolite and seaweed.

Table 7.4 Intraparticle diffusion rates for mixtures (D, x10™® m*min™)

Metal ion Cu Ni Cd Pb Cr Al Zn

Zeolite 18.0 9.0 5.0 8.0 1.0 12 4.0
Mixture 1 2.1 16.2 8.2 15.7 3.0 10.8 8.6
Mixture 2 2.6 4.6 1.5 3.0 2.3 33 2.2
Mixture 3 17.8 4.3 2.7 10.4 7.6 15.0 4.1
Mixture 4 7.9 8.2 4.8 4.8 52 8.1 7.7
Seaweed 7.2 4.4 0.5 4.3 6.3 15 4.7

The intraparticle diffusion rate series was derived based on the rates in Table 7.4 and

is given in Table 7.5.
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Table 7.5 Intraparticle diffusion rate series

Metal ion Intraparticle diffusion rate series
Zeolite Cu>Al>Ni>Pb>Cd>Zn>Cr
Mixture 1 Ni>Pb>Al>Zn>Cd>Cr>Cu
Mixture 2 Ni>Al>Pb>Cu>Cr>Zn>Cd
Mixture 3 Cu>Al>Pb>Cr>Ni>Zn>Cd
Mixture 4 Ni>Al>Cu>Zn>Cr>Cd=Pb
Seaweed Al>Cu>Cr>Zn>Ni>Pb>Cd

The molar concentration and hydrated ionic size governed the intraparticle diffusion
of Ni in seaweed and =zeolite, respectively (Sections 6.3.2B and 6.4.2B).
Consequently, in mixtures, Ni had relatively higher intraparticle diffusion rates
(Table 7.5), which is attributed to high molar concentration and small hydrated ionic
diameter. Similarly, the intraparticle diffusion rate of Al was high. This is attributed
to the high molar concentration of Al in solution, which was the reason for higher

intraparticle diffusion observed in both zeolite and seaweed.

The intraparticle diffusion rate of Zn varied between moderate and low. In zeolite,
the intraparticle diffusion of Zn was low due to relatively larger hydrated ionic
diameter, whereas the rate was moderate in seaweed because of ionic bonding with
anionic sites of seaweed. Consequently, the lower intraparticle diffusion rate
observed in mixtures indicates that Zn is sorbed to zeolite, whilst sorption occurred
in seaweed when the intraparticle diffusion rate was high. Similarly, the intraparticle
diffusion rate of Cr varied between moderate and low. The moderate diffusion rate is
attributed to the high chemical hardness, which was responsible for the high
intraparticle diffusion rate of Cr in zeolite. In contrast, high hydration energy of Cr
retarded the intraparticle diffusion of Cr in seaweed, which is attributed to be the

reason for low intraparticle diffusion rate observed in certain mixtures.

In general, Cu has a moderate intraparticle diffusion rate. Though Cu had relatively
large driving force resulting from its high molar concentration, its soft acidic nature
reduced its driving force for intraparticle diffusion. This is because zeolite and
seaweed have hard bases, which prefer to bond with metals with hard acidic nature

according to the HSAB principle (Pearson 1968). Hence, Cu does not have a large
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chemical driving force. Similarly, the intraparticle diffusion of Pb is also moderate.
This is attributed to high molar volume of Pb despite its small ionic diameter. In
seaweed, high molar volume of Pb reduced its intraparticle diffusion rate. However,
in zeolite, Pb had a relatively higher rate due to its smaller ionic diameter. In
mixtures, the intraparticle diffusion rate is governed by both of these factors resulting
in a moderate diffusion rate for Pb. Cd showed low intraparticle diffusion rate, which
is attributed to its high molar volume. In seaweed, the intraparticle diffusion rate of
Cd was low in certain cases, which was attributed to high molar volume of Cd.
Therefore, it can be concluded that in mixtures, the sorption of Cd primarily occurs
in seaweed. This is possible since seaweed has carboxylic functional groups (Section
6.2.2), which are relatively softer than the hydroxyl groups present in zeolite
(Hancock and Martell 1989). Hence, Cd, which is a relatively softer acid among the
investigated metals, would have preferentially sorbed to the carboxylic sites in

seaweed.

The pseudo second order model provides a good description of the metal binding
process in zeolite and seaweed. Hence, pseudo second order metal binding rates for
mixtures were determined using the batch kinetics experimental data presented in

Tables C.1-C.4 in Appendix C. The values are tabulated in Table 7.6.

Table 7.6 Pseudo second order metal binding rates for mixtures

Cu Ni Cd Pb Cr Al Zn

Zeolite 0.29 0.12 0.11 0.12 0.03 0.12 0.09
Mixture 1 0.04 0.24 0.15 0.26 0.04 0.10 0.14
Mixture 2 0.03 0.04 0.02 0.03 0.02 0.02 0.04
Mixture 3 0.29 0.04 0.04 0.10 0.07 0.14 0.06
Mixture 4 0.12 0.09 0.07 0.05 0.09 0.08 0.13
Seaweed 0.10 0.04 0.01 0.04 0.06 0.16 0.09

Based on Table 7.6, the following rate series given in Table 7.7 was developed.
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Table 7.7 Pseudo second order rate series for mixtures

Metal ion Intraparticle diffusion rate series

Zeolite Cu>Ni=Pb=Al>Cd>Zn>Cr
Mixture 1 Pb>Ni>Cd>7Zn>Al>Cu=Cr
Mixture 2 Ni=Zn>Cu=Pb>Cd=Cr=Al
Mixture 3 Cu>Al>Pb>Cr~Zn=Ni=Cd
Mixture 4 Zn>Cu>Ni=Cr>Al>Cd>Pb
Seaweed Al>Cu>Zn>Cr>=Ni=Pb>Cd

Except for mixture 2, in general, the order for the metal binding rates in Table 7.7
reflects the intraparticle diffusion rate order given in Table 7.5. Similar phenomenon
was observed for seaweed and zeolite in Sections 6.3.2 (C) and 6.4.2 (C) and was
attributed to the fact that the metal sorption predominantly occurred in the
intraparticle sites of the sorbents. Therefore, the similarity in intraparticle diffusion
and metal binding rate series for mixtures is attributed to the occurrence of sorption

primarily in the intraparticle sites.

The average specific metal removal rates (Z) for mixtures were determined using

equation (6.11) and presented in Table 7.8.

Table 7.8 Z values for mixtures

Metal ion Zeolite Mixture1l Mixture2 Mixture3 Mixture4 Seaweed

Cu 0.071 0.025 0.038 0.095 0.057 0.049
N1 0.053 0.088 0.050 0.058 0.043 0.035
Cd 0.024 0.057 0.034 0.034 0.036 0.019
Pb 0.047 0.055 0.047 0.075 0.041 0.033
Cr 0.014 0.029 0.045 0.060 0.035 0.047
Al 0.059 0.064 0.036 0.119 0.034 0.090
Zn 0.026 0.058 0.023 0.040 0.035 0.045

The correlation of Z with the boundary layer diffusion (BLDR), Vermeulen

intraparticle diffusion (Dy) and metal binding (K,) rates was used as the basis to
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determine the rate-limiting step. Spearman correlation analysis was used to observe

whether there is a correlation between variables (Table 7.9).

Table 7.9 Correlation of Z with diffusion and reaction rates

Rate parameter Mixtures rs P
BLDR Mixture 1 0.857 0.024
Mixture 2 0.750 0.066
Mixture 3 0.964 0.003
Mixture 4 0.084 0.840
D, Mixture 1 0.786 0.048
Mixture 2 0.714 0.088
Mixture 3 0.964 0.003
Mixture 4 0.084 0.840
K, Mixture 1 0.500 0.267
Mixture 2 0.143 0.783
Mixture 3 0.929 0.007
Mixture 4 0.120 0.783

For significance (P) greater than 0.05, the Spearman correlation analysis is
inconclusive. As such, Spearman correlation is not suitable for the analysis of
mixtures except for mixture 3 as the P values are greater than 0.05. For mixture 3, it
can be concluded that Z is correlated to the boundary layer diffusion, intraparticle
diffusion and the metal binding rates. Thus, all three processes limit the overall metal

removal rate in mixture 3.

The strength of the correlations between the rates was investigated using the GAIA
approach described in Section 6.3. The corresponding GAIA biplot for each mixture
is given in Figure 7.3. The PROMETHEE modelling parameters used in this analysis

was similar to the parameters described in Section 6.3.2 (D).

For mixture 1 (Figure 7.3 (a); 96% variance accounted), the parameter Z is correlated
with both diffusion rates (D, and BLDR) and the metal binding rate (Kj). This

suggests that the overall metal removal rate depends on both diffusion and metal
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binding processes, among which the primary rate-limiting step is the intraparticle

diffusion due to a relatively stronger correlation with Z.
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Figure 7.3 GAIA biplots for (a) mixture 1; (b) mixture 2; (c) mixture 3; (d)

mixture 4

The GAIA biplot for mixture 2 (Figure 7.3(b); 89% variance accounted) and mixture
3 (Figure 7.3 (c); 99% variance accounted) predict that the primary rate-limiting step
is the boundary layer diffusion followed by the intraparticle diffusion. The metal

binding rate does not control the overall metal removal rate in both cases since the
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vector is approximately at right angle to Z. In mixture 4 (Figure 7.3 (d); 84%
variance accounted), the metal binding rate is the primary rate-limiting step followed
by the intraparticle diffusion. The boundary layer diffusion rate vector is at right

angle to Z. Hence, it is not limiting the overall metal removal rate.

The major component in mixture 1 is zeolite, the rate of which was limited by the
pore diffusion as noted in Section 6.3.2 (D). Hence, the pore diffusion was the main
rate-limiting step in the kinetics of metal sorption in mixture 1. Mixture 2 and 3
consisted of a significant amount of seaweed. Thus, the overall metal removal rate
was limited by both intraparticle and boundary layer diffusion processes since the
boundary layer diffusion was also a rate-limiting step in metal sorption by seaweed
(Section 6.4.2D). However, the overall metal removal rate by seaweed was primarily
limited by the metal binding rate (Section 6.4.2D). Thus, the metal binding rate was
found to be the primary rate-limiting step in mixture 4, which consisted of 80%

seaweed.

7.3.2 SORPTION ISOTHERM

The equilibrium experimental data (Tables C.5-C.8 in Appendix C) were first fitted
with the Langmuir isotherm model. As evident from Figures C.1-C.4 in Appendix C,
the model did not fit the experimental data well in most cases. Therefore, the
Freundlich isotherm model was fitted with the experimental data as shown in Figures

7.4-7.7. The i1sotherm constants were calculated as described in Section 3.4.1.

Figure 7.4 shows the isotherm plots for mixture 1 for the investigated metals.
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The Freundlich isotherm constants were calculated from the slope and y-intercept of

the plots shown in Figure 7.4 and are tabulated in Table 7.10:

Table 7.10 Freundlich isotherm constants for mixture 1

. Ky/ 2
Metal ion (mg/g)/(mg /L)”“) n R
Cu 0.021 1.01 0.8234
Ni 0.008 1.07 0.9852
Cd 0.056 1.29 0.9595
Pb 0.090 1.37 0.9229
Cr 0.077 1.30 0.9146
Al 0.081 1.05 0.9869
/n 0.040 1.18 0.9687

High R? values indicate a good fit of the Freundlich model with the experimental
data. Thus, it can be concluded that sorption occurred in multilayer similar to the
metal sorption by zeolite and seaweed. The metal sorption affinity of mixture 1 can
be derived based on Ky values (Table 7.10) and it decreases in the following order:
Pb > Al > Cr > Cd > Zn > Cu > Ni. Based on the affinity series of zeolite (Cr > Al >
Pb > Cu = Ni > Cd > Zn) and that of seaweed (Zn > Cu > Pb = Cd = Cr > Al > Ni), it
can be concluded that the sorption of Cr, Pb and Zn by mixture 1 is generally
influenced by the presence of both sorbents. Zn was the most preferred metal ion by
seaweed and the least preferred by zeolite. Similarly, Cr was the most preferred by
zeolite and moderately preferred by seaweed. As a result, mixture 1 had a moderate
affinity for the sorption of Zn and Cr. On the other hand, Pb was moderately
preferred by both sorbents. Therefore, the highest preference for Pb by mixture 1 is
attributed to the cumulative effect of both sorbents. In contrast, sorption affinity of
Ni and Cd reflects the affinity order of seaweed. Hence, seaweed in mixture 1 is
primarily responsible for the sorption of Ni and Cd. Sorption of Al occurred in
zeolite since the affinity order of mixture 1 for Al reflects that of zeolite for Al. In
the case of Cu, zeolite and seaweed had low and high affinity, respectively. The low
affinity of mixture 1 indicates that the presence of seaweed did not have any effect
on the sorption affinity of Cu. Therefore, Cu sorption would have occurred

predominantly in zeolite.

The sorption of Pb, Cr, Cd, Ni and Zn by mixture 1 was of chemical nature since the

n values are well above 1 according to Table 7.10. The n values for Cu, Ni and Al are
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close to 1 in comparison to the other metals. Therefore, physisorption and ion
exchange have also contributed to the sorption process along with chemical sorption.
However, the nature of mechanisms employed for the sorption of a certain metal by
mixture 1 did not always reflect that of individual sorbents. For example, sorption of
Ni by mixture 1 was associated with seaweed. However, the n value for the sorption
of Ni by mixture 1 is close to 1, whilst it was 0.76 for seaweed (Table 6.21). This
suggests that other factors such as sorption kinetics and thermodynamics also had an
influence on the sorption of metals along with the nature of mechanisms employed

for the metal sorption.

The Freundlich isotherm plots and constants for mixture 2 are presented in Figure 7.5

and Table 7.11.
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Figure 7.5 Freundlich isotherm models for mixture 2: (a) Cu; (b) Ni; (¢) Cd; (d)
Pb; (e) Cr; (f) Al; (g) Zn
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Table 7.11 Freundlich isotherm constants for mixture 2

Metal ion Kl U n R
((mg/g)/(mg/L)™)
Cu 0.008 0.75 0.9671
Ni 0.010 0.74 0.9592
Cd 0.006 0.74 0.9839
Pb 0.067 1.43 0.3120
Cr 0.011 0.79 0.9968
Al 0.012 0.72 0.9558
Zn 0.120 1.58 0.8837

The R? values are generally high indicating a good fit of the model with the
experimental data. The metal sorption affinity for mixture 2 decreased in the order of
Zn > Pb > Al = Cr = Ni = Cu = Cd. However, it should be noted that the isotherm
constants calculated for Pb is not reliable since it has a low R* value. The affinity
series indicates that mixture 2 has a high preference for the sorption of Zn. Notably,
the affinity for the sorption of Al, Cr, Ni, Cu and Cd is approximately similar.
However, the Kr values for these metals are much lower than those for Zn. The n
values for Zn and Pb indicate that these metals were sorbed via chemisorption. The n
values for the other metals are much less than 1, indicating that the sorption was
primarily of a physical nature and the contribution by the chemisorption mechanism

is limited.

The Freundlich isotherm plots and constants for mixture 3 are provided in Figure 7.6

and Table 7.12.
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Figure 7.6 Freundlich isotherm models for mixture 3: (a) Cu; (b) Ni; (c) Cd; (d)
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Table 7.12 Freundlich isotherm constants for mixture 3

Metal ion Kl U n R
((mg/g)/(mg/L)™)
Cu 0.036 0.99 0.9900
Ni 0.009 0.73 0.9656
Cd 0.003 0.66 0.9516
Pb 0.045 1.13 0.8826
Cr 0.079 1.04 0.8376
Al 0.108 1.03 0.7608
Zn 0.040 1.00 0.5446

High R? values indicate that the Freundlich isotherm model describes the
experimental data well. According to Kr values, the affinity order is Al > Cr > Pb >
Zn > Cu > Ni > Cd. When compared to the affinity series of zeolite and seaweed,
sorption of Al, Cr, Cd and Cu reflects the affinity order for zeolite, whilst sorption of
Zn and Ni reflects the order for seaweed. The sorption affinity order for Pb in
seaweed and zeolite was similar. Hence, it is difficult to conclude whether the
sorption of Pb in mixture 3 occurred in seaweed or zeolite. According to the n values,
Ni and Cd have n values less than 1 suggesting physical sorption was responsible for
their sorption, while Pb was sorbed via chemisorption since the n value is greater
than 1. As other metals have n values closer to 1, both physisorption and

chemisorption contributed to their sorption by mixture 3.

The Freundlich isotherm plots and the isotherm constants for mixture 4 are given in
Figure 7.7 and Table 7.13:
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Table 7.13 Freundlich isotherm constants for mixture 4

Metal ion Kl U n R
((mg/g)/(mg/L)™)
Cu 0.030 0.99 0.9101
Ni 0.034 0.94 0.9434
Cd 0.026 0.99 0.8937
Pb 0.356 1.88 0.9941
Cr 0.001 0.63 0.8836
Al 0.013 0.78 0.8801
Zn 0.006 0.76 0.8339

The affinity series for mixture 4 is in the order of Pb > Ni =~ Cu = Cd > Al > Zn > Cr.
Seaweed in mixture 4 was responsible for the sorption of Cd, Cr, Al and Zn since the
affinity order for these metals reflects that of seaweed. Zn was sorbed by zeolite
present in mixture 4 according to its affinity order, whilst the sorption of Pb was by
both zeolite and seaweed. According to the n values, sorption of Cr, Al and Zn
occurred via physical sorption and chemisorption was responsible for the sorption of
Pb. Both physical and chemical sorption contributed in the sorption of Cu, Cd and
Ni.

7.3.3 SORPTION THERMODYNAMICS

The thermodynamics parameters presented in Tables 7.14-7.16 were calculated from
the slopes and y-intercepts of graphs in Figures 7.8-7.11 plotted using the
thermodynamics experimental data for mixtures given in Tables C.9-C.12 in
Appendix C. As evident from Tables 7.14-7.16, the Gibbs free energy change (AG®)
for the sorption of metal ions by mixtures is negative indicating that the sorption
process was spontaneous. Furthermore, AG® values decreased when the temperature
was increased indicating that metal sorption by mixtures is more favourable at higher
temperatures. The enthalpy change (AH®) for metal ions was positive. Hence, metal

sorption by mixtures was an endothermic process.

Thermodynamics parameters for mixture 1 were calculated from the plots given in

Figure 7.8:
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The corresponding thermodynamics parameters are presented in Table 7.14.

Table 7.14 Thermodynamics parameters for mixture 1

AH® AG'/(kJ/mol)
Metal ion

/(kJ/mol) '303 '313 '323 '333
Cu 35.1 -6.0 -7.4 -8.7 -10.1
Ni 20.5 -8.2 9.1 -10.1 -11.0
Cd 34.7 -6.0 -7.3 -8.7 -10.0
Pb 22.7 94 -10.4 -11.5 -12.5
Cr 16.5 -9.5 -10.4 -11.2 -12.1
Al 16.5 -9.5 -10.4 -11.2 -12.1
Zn 39.5 -5.0 -6.5 -8.0 -9.5

Notes:

' Absolute temperature / (K)

Al Cr, Ni and Pb have relatively lower enthalpy change than Zn, Cd and Cu. Hence,
the sorption of the former can occur at relatively lower temperature than the latter.
As such, the sorption of Zn, Cd and Cu by mixture 1 is energetically favourable
compared to that of Al, Cr, Ni and Pb. This is a primary reason for the low affinity of

mixture 1 in the sorption of Zn, Cd and Cu observed in Section 7.3.2.

Similarly, the thermodynamics characteristics of the sorption by mixture 2 were
investigated using the parameters in Table 7.15 derived from plots given in Figure
7.9.
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Table 7.15 Thermodynamics parameters for mixture 2

AH® AG°/(kJ/mol)
Metal ion

/(kJ/mol) 303 '313 1323 '333
Cu 35.1 -6.1 -7.5 -8.8 -10.2
Ni 17.2 -8.3 9.1 -10 -10.8
Cd 35.2 -6.2 -7.5 -8.9 -10.2
Pb 15.8 -9.6 -10.4 -11.3 -12.1
Cr 15.3 -9.5 -10.4 -11.2 -12.0
Al 17.3 94 -10.3 -11.2 -12.1
Zn 42.1 -4.7 -6.3 -7.8 -94

Notes:

! Absolute temperature / (K)

According to AH® values, the sorption of Al, Cr, Ni and Pb by mixture 2 is
energetically favourable, whilst Zn, Cd and Cu require a relatively higher
temperature for the sorption. In general, this agrees with the affinity series for
mixture 2. The exception was Zn, for which mixture 2 had a higher affinity even
though the sorption of Zn is not energetically favourable. This is attributed to the
higher metal binding rate of Zn, which resulted in its rapid sorption to the active sites

of mixture 2.

Figure 7.10 shows Log (Kp) vs. 1/T plots for mixture 3 and the thermodynamics

parameters for mixture 3 were determined from these plots:
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The thermodynamics parameters for mixture 3 are presented in Table 7.16.

Table 7.16 Thermodynamics parameters for mixture 3

AH® AG’/(kJ/mol)
Metal ion

/(kJ/mol) '303 '313 '323 '333
Cu 32.2 -6.1 -7.4 -8.6 -9.9
Ni 16.9 -8.2 9.1 -9.9 -10.7
Cd 34.3 -5.9 -7.3 -8.6 -9.9
Pb 26.7 -9.3 -10.5 -11.7 -12.9
Cr 14.7 9.5 -10.3 -11.1 -11.9
Al 17.1 -9.6 -10.4 -11.3 -12.2
Zn 433 -4.6 -6.2 -1.7 -9.3

Notes:

' Absolute temperature / (K)

Al, Cr, Pb and Ni have a relatively low AH® indicating that the sorption of these
metals by mixture 3 can occur at relatively low temperature. However, sorption of
Zn, Cd and Cu by mixture 3 is more favourable at a high temperature. Accordingly,
sorption of Al, Cr, Pb and Ni by mixture 3 is more energetically favourable than the
sorption of Zn, Cd and Cu. Though the metal affinity series for mixture 3 is generally
in agreement with this conclusion, mixture 3 had low affinity for Ni despite the
energetically favourable nature of Ni sorption. This is because, Ni had relatively low
diffusion and metal binding rates, which retarded the probability of Ni reaching the

active sites of mixture 3.

The thermodynamics characteristics of the sorption by mixture 4 were investigated

using the parameters in Table 7.17 derived from plots given in Figure 7.11.
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Table 7.17 Thermodynamics parameters for mixture 4

AH’ AG’/(kJ/mol)
Metal ion

/(kJ/mol) 303 '313 1323 '333
Cu 21 -7.0 -8.0 -8.9 -9.8
Ni 10.4 -8.7 -9.3 -9.9 -10.5
Cd 19.4 -6.9 -1.7 -8.6 -9.5
Pb 20.6 -9.5 -10.5 -11.5 -12.5
Cr 10.0 -9.8 -10.4 -11.1 -11.7
Al 12.2 -9.8 -10.5 -11.3 -12.0
Zn 22.6 -5.9 -6.8 -7.8 -8.7

Notes:

! Absolute temperature / (K)

Sorption of Zn, Pb and Cu by mixture 4 is less energetically favourable compared to
that of Ni, Cd, Cr and Al. However, according to the affinity series predicted for
mixture 4, sorption of Pb, Ni, Cu and Cd was more favourable than that of Al, Zn,
and Cr. Both affinity and the enthalpy change series are in agreement in the case of
Zn, Ni and Cd. The discrepancy in relation to the other metals confirm that other
factors such as kinetics rates also have an influence on the affinity of sorbents for the

sorption of metal ions.

7.4 RELATIONSHIP BETWEEN MIXTURES AND INDIVIDUAL
SORBENTS

In the research study, it was hypothesised that the kinetics and thermodynamics
parameters of mixtures are mathematically related to those of individual sorbents via
mass conservation principle. Such a relationship will be helpful in the creation of
mixtures to control the kinetics and thermodynamics of metal sorption, which, in
turn, can be used to enhance the affinity for the less preferred metal ions. In this
section, theoretical mathematical relationships are initially provided and then

investigated using the experimental values.
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7.4.1 DERIVATION OF THEORETICAL MATHEMATICAL RELATIONSHIPS

If one gram of mixture contains ‘f” grams of zeolite and (1-f) grams of seaweed, then

the amount of metals in the mixture (my,ix) can be given as (Helmy et al. 1999):

Mpix = f.m, + (1 —f). mg, (7.1)

where, m, and mg, are the amount of metals in a gram of zeolite and seaweed,

respectively.

During boundary layer diffusion, a certain amount of metal ions (m) present in
solution diffuses into the boundary layer of the sorbent material and it can be given

as (Section 3.4.2 A):

m = (Cy — Cs).v (7.2)

Combining equation (7.2) with equation (7.1) results in:

(Co = Cs_mix)V =f£.(Cop — Cs_)v+ (1 — ). (Co — Cs_sw)V (7.3)

Dividing both sides by 5Cy (5 corresponds to 5 minutes, during which the boundary

layer diffusion was assumed to occur as discussed in Section 3.4.2A) gives:

(CO - C5—mix) — f. (CO - CS—Z) + (1 - f) (CO - C5—SW)

7.4
5Cy 5Cy 5C, 74
According to the definition (Section 3.4.2A):
e _ (G —Cs)
Boundary layer diffusion rate (BLDR) = T (7.5)
0

Hence, the boundary layer diffusion rate of a mixture can be mathematically related

to that of the individual sorbents using the following equation:

BLDR,,j; = f.BLDR, + (1 — f). BLDRgy (7.6)

Similarly, the amount of metal ions (m) in a mixture at time ‘t” can be given as:
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m = (Cy — Cp).v (7.7)

The following equation can be obtained from equations (7.1) and (7.7):

(Co = Cemix)V =1 (Co — C_)v+ (1 — D). (Cy — Cmsw)V (7.8)

Dividing both sides by the mass of sorbents used for the sorption (my) gives:

(CO - Ct—mix)V — f. (CO - Ct—z)V + (1 - f) (CO - Ct—sw)V

(7.9)
I’rlS I’rlS mS
However,

(CO - Ct)' \%
= 7.10
Q=" (7.10)

Substituting equation (7.10) in equation (7.9) gives:
Qt—mix = £ Qe + (1 = D. Qe_sw (7.11)

Theoretical sorption capacities of mixtures for different time intervals was calculated
using equation (7.11) using the sorption capacities of zeolite (Tables B.1-B.7 in
Appendix B) and those of seaweed (Tables B.10-B.16 in Appendix B). These values
were fitted with the Vermeulen and pseudo second order models to determine the

theoretical intraparticle diffusion rate and metal binding rates, respectively.

The distribution coefficient (Kg) is given by the following equation:

(Co —Co).v
Ki=——— 7.12
d sCe ( )

From equation (7.10), the equation for the equilibrium sorption capacity (Q.) is as

follows:

q = L= G (7.13)
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The following equation can be derived based on equations (7.12) and (7.13):
Qe = KaCe (7.14)

Substituting equation (7.14) in equation (7.11) for equilibrium condition gives:

Ka-mix Ce—mix = f. Kg—z Ce—z + (1 - f) Kg-sw Ce—sw (7.15)

Theoretical Ky values were calculated based on the experimental Ky values for
seaweed and zeolite and the enthalpy change can be determined as described in

Section 3.4.3.

7.4.2 RESULTS AND DISCUSSION

The theoretical boundary layer diffusion rates for mixtures calculated using equation

(7.6) are shown in Table 7.18:

Table 7.18 Theoretical boundary layer diffusion rates

Metal ion Cu Ni Cd Pb Cr Al Zn

Zeolite 0.050 0.020 0.011 0.031 0.007 0.057 0.009
Mixture 1 0.046 0.022 0.010 0.032 0.014 0.058 0.010
Mixture 2 0.042 0.024 0.009 0.032 0.020 0.058 0.011
Mixture 3 0.037 0.025 0.007 0.033 0.027 0.059 0.011
Mixture 4  0.033 0.027 0.006 0.033 0.033 0.059 0.012

Seaweed 0.029 0.029 0.005 0.034 0.040 0.060 0.013

The theoretical values were plotted against the experimental values (Table 7.2) as

shown in Figure 7.12:
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Figure 7.12 Theoretical vs. experimental boundary layer diffusion rates for: (a)

Cu; (b) Ni; (c) Cd; (d) Pb; (e) Cr; (f) Al; () Zn

According to Figure 7.12, it can be seen that the R values is very low indicating that

the boundary layer diffusion rates did not follow equation (7.6). Therefore, the
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boundary layer diffusion characteristics of mixtures are independent from those of
the individual sorbents. The primary reason for this observation is that the boundary
layer diffusion of metals in zeolite and seaweed is governed by the properties of
metals such as molar concentration and molar volume and not by the properties of
sorbents. Therefore, mixing of sorbents did not have an effect on the boundary layer

diffusion rates.

Theoretical intraparticle diffusion rates were determined by fitting the Vermeulen
model (equation 3.9) to the sorption capacity values calculated using equation (7.11).

The values are tabulated in Table 7.19:

Table 7.19 Theoretical intraparticle diffusion rates (D,x10"® m*min™)

Metal ion Cu Ni Cd Pb Cr Al Zn

Zeolite 18.0 9.0 5.0 8.0 1.0 12.0 4.0
Mixture 1 15.0 7.8 4.0 7.4 2.3 12.8 4.2
Mixture 2 13.0 6.6 2.6 6.6 3.4 13.5 4.4
Mixture 3 11.0 5.7 1.7 6.0 4.6 14.2 4.5
Mixture 4 8.8 5.0 1.0 5.5 6.0 14.9 4.6
Seaweed 7.2 4.4 0.5 4.3 6.3 15.0 4.7

The theoretical (Table 7.19) and the experimental (Table 7.4) intraparticle diffusion

rates were plotted against each other as shown in Figure 7.13:
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Figure 7.13 Theoretical vs. experimental intraparticle diffusion rates for: (a)
Cu; (b) Ni; (¢) Cd; (d) Pb; (e) Cr; (f) Al; () Zn
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Similar to the boundary layer diffusion, the R? values for intraparticle diffusion is
low. However, relative to boundary layer diffusion rates, intraparticle diffusion rates
generally had higher R? values suggesting that intraparticle diffusion rates of
mixtures have some relationship with that of individual sorbents. However, this
relationship is statistically not significant. Notably, the R” value for Cr had relatively
higher values (R* = 0.6652). Intraparticle diffusion of Cr in zeolite was found to be
governed by the hardness of the functional groups present in the sorbents, while it
was influenced by the molar concentration in the case of seaweed. Therefore, the
intraparticle diffusion of Cr in mixtures is influenced by both factors. Since the
properties of zeolite has an influence on the intraparticle diffusion of Cr, the
intraparticle diffusion characteristics of mixtures exhibited a reasonably good

relationship for equation (7.13).

Theoretical pseudo second order metal binding rates were determined based on

equation (7.11) and tabulated in Table 7.20 below.

Table 7.20 Theoretical pseudo second order metal binding rates

Cu Ni Cd Pb Cr Al Zn

Zeolite 0.29 0.12 0.11 0.12 0.03 0.12 0.09
Mixture 1 0.178 0.083 0.071 0.088 0.030 0.111 0.077
Mixture 2 0.149 0.067 0.043 0.072 0.040 0.119 0.078

Mixture 3 0.126 0.055 0.026 0.060 0.049 0.127 0.078
Mixture 4 0.107 0.046 0.015 0.052 0.056 0.137 0.078
Seaweed 0.10 0.04 0.01 0.04 0.06 0.16 0.09

Theoretical and experimental (Table 7.6) metal binding rates were plotted against

each other as shown in Figure 7.14.
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Figure 7.14 Theoretical vs. experimental metal binding rates for: (a) Cu; (b) Ni;
(¢) Cd; (d) Pb; (e) Cr; (f) Al; (8) Zn
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The R? values are low. However, they are generally higher than the intraparticle

diffusion rates. It is worthy to note that the R? values of Cr and Cd are relatively

higher, suggesting that their metal binding rates in mixtures have some relationship

with that for individual sorbents.

Theoretical K4 values for mixtures were determined using equation (7.15) and the

enthalpy change (AH") was calculated as described in Section 4.3.4 (B). The values

are tabulated in Table 7.21 and plotted against the experimental values in Tables

7.14-7.17 as shown in Figure 7.15.

Table 7.21 Theoretical enthalpy change

Cu Ni Cd Pb Cr Al Zn

Zeolite 35.8 27.5 34.6 243 18.6 15.2 68.2
Mixture 1 33.4 242 323 22.6 17.0 15.1 54.8
Mixture 2 34.0 233 33.1 20.3 16.6 15.6 55.1
Mixture 3 33.3 23.1 322 24.6 16.4 15.6 55.0
Mixture 4 31.9 21.6 30.4 22.3 14.8 13.9 53.1
Seaweed 25.4 15.2 243 13.5 11.5 10.8 33.6
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Figure 7.15 Theoretical vs. experimental enthalpy change for: (a) Cu; (b) Ni; (¢)
Cd; (d) Pb; (e) Cr; (f) Al; (8) Zn
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The R? values are relatively higher than the kinetics rates indicating that
thermodynamics parameters obey equation (7.15) to a greater extent than the kinetics
parameters obeying their corresponding mathematical relationships. Specifically, Pb,
Cr and Al had satisfactory R” values suggesting that the derived relationship in
equation (7.15) can be used to predict the enthalpy of mixtures based on that of

individual sorbents.

It is important to note that zeolite and seaweed used in this research study are natural
materials, the properties of which can vary considerably. Additionally, the batch
experiments were conducted at laboratory scale, in which a maximum of 5 g of
sorbent per batch were used. Thus, the variation in properties can be significant and
this can be a reason for the poor relationship observed between theoretical and

experimental values for thermodynamics and kinetics parameters.

7.5 EFFECT OF SORBENT MIXTURES ON METAL AFFINITY

The effect of mixing sorbents based on the affinity for the sorption of metals was
investigated using the Freundlich constant responsible for the affinity (Kg). Figure

7.16 shows the K5 values of metal ions for each mixture:
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Figure 7.16 Kg values of metal ions: (a) Mixture 1; (b) Mixture 2; (¢) Mixture 3;

(d) Mixture 4

It is evident from Figure 7.16, that sorbent mixtures also preferentially sorb certain

metal ions similar to the individual sorbents, which led to the rejection of the

hypothesis of this research study. However, important information was derived

regarding the affinity for the sorption of metal ions. As discussed in Section 7.3.2

and evident from Figure 7.16 (b), mixture 2 showed interesting characteristics

regarding metal affinity. Mixture 2 had high affinity for Pb and Zn. Though the

affinity was low for the other metals, their Ky values were approximately similar, i.e.

mixture 2 had similar affinity for the sorption of these metal ions. Therefore, the

1sotherm, kinetics and thermodynamics parameters were subjected to PROMETHEE

and GAIA analysis to identify the process parameter/s responsible for the observed

phenomenon.
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The data matrix used for the analysis consisted of five metal ions and their isotherm,

kinetics and thermodynamics parameters as shown in Table 7.22:

Table 7.22 Data matrix for PROMETHEE and GAIA analysis

'BLDR p, 'K, '"H 'K
Cu 0.019 2.6 0.03 35.1 0.008
Ni 0.034 4.6 0.04 17.2 0.010
cd 0.012 1.5 0.02 35.2 0.006
Cr 0.019 2.3 0.02 15.3 0.011
Al 0.034 33 0.02 17.3 0.012

Notes:
'Boundary layer diffusion rate (BLDR); Intraparticle diffusion rate (D,); Metal binding rate (K,);
Enthalpy change (H); Freundlich constant related to the affinity (Kp)

PROMETHEE analysis requires the assignment of three modelling parameters: a
ranking sense, a weight and a preference function. The weight was set to 1 to avoid
any bias in the analysis and V-shape preference function (Table 4.3) was selected
based on the characteristics of the data. The boundary layer diffusion, intraparticle
diffusion and metal binding rates were maximised since high kinetics rates are
preferred for good sorption performance. Similarly, K¢ value was also maximised
since high Kr value indicates good affinity for the sorption of metals. The enthalpy
change was minimised since the sorption is energetically favourable if the sorption
enthalpy 1s small. The corresponding GAIA biplot for this analysis is given in Figure
7.17.
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Figure 7.17 GAIA biplot for mixture 2

According to the GAIA biplot (Figure 7.17), it is evident that the boundary layer
diffusion and sorption enthalpy have relatively more influence on the affinity (Kg)
for the sorption of the investigated metals. The enthalpy vector is strongly correlated
to the Ky vector suggesting that sorption thermodynamics is the primary reason for
similar affinity for the sorption of Cd, Cu, Ni, Al and Cr by mixture 2. Consulting the
data matrix in Table 7.11 indicates that Ni, Cr and Al have approximately similar K¢
values. On the other hand, K values for Cu and Cd are closer than those of Ni, Cr
and Al. The enthalpy value reflects the K¢ values such that Ni, Cr and Al have very

similar enthalpy values, whilst enthalpy values of Cu and Cd are almost similar.

7.6 CONCLUSIONS

This chapter investigated the removal of metal ions by mixtures of zeolite and
seaweed. Firstly, kinetics, isotherm and thermodynamics characteristics of metal
sorption mechanisms employed by the mixtures were characterised. Equilibrium was
attained within one hour similar to zeolite and seaweed. The boundary layer diffusion
rates in mixtures were found to be influenced by the properties of metal ions such as
initial metal concentration, molar volume, valence electron configuration and
hydration energy. On the other hand, mixing sorbent materials had an effect on the
intraparticle diffusion rates. Intraparticle diffusion rates of Ni and Al were high,

which was the case for the individual sorbents. However, intraparticle diffusion rates
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of Cr, Zn, Cu and Pb exhibited a compromise scenario, i.e. one sorbent in the
mixture provided a large driving force for the intraparticle diffusion, while the other
sorbent diminished the driving force. As a result, the intraparticle diffusion rates of
these metals were either moderate or low. Furthermore, the intraparticle diffusion of
Cd primarily occurred in seaweed. The metal binding rate series indicated that the
active sites were predominantly present in the intraparticle sites of the mixture.
Additionally, the primary kinetics rate-limiting step reflected the composition of the
mixtures such that the intraparticle diffusion was rate limiting when zeolite was the
major component. Both intraparticle and boundary layer diffusion processes were
limiting the overall metal removal rate when both seaweed and zeolite were present.

Metal binding step was rate limiting if seaweed was present as a high fraction.

In general, the Langmuir isotherm model did not accurately describe the isotherm
characteristics of metal sorption by mixtures. Hence, it was concluded that sorption
occurred primarily in multilayer. This was further confirmed by the good fit of the
Freundlich isotherm with the experimental data. The affinity of mixtures for metals
was influenced by the individual sorbents present in mixtures. However, the nature
of mechanism employed by the mixtures did not always reflect that of the individual
sorbents. According to the thermodynamics parameters, the sorption of metals by
mixtures was a spontaneous and endothermic process, which was favourable at high
temperatures. Based on the enthalpy change, it was found that sorption of certain
metals such as Al, Cr and Ni were energetically favourable, while others such as Cu
and Zn were not. Thus, high temperature is necessary for the sorption of the latter
group of metal ions by mixtures. In addition, the affinity of mixtures was found to be

influenced by the enthalpy of sorption.

Mathematical relationships were developed based on the conservation of mass
principle to determine the theoretical boundary layer diffusion rate, intraparticle
diffusion rate, metal binding rate and enthalpy of sorption. The theoretical values
were plotted against the experimental values and no statistically significant
relationship was generally found between the theoretical and experimental values.
However, the intraparticle diffusion rate, metal binding rate and enthalpy of sorption
showed relatively high R? values suggesting that there is some relationship between

the kinetics and thermodynamics parameters of mixtures and that of sorbents. The
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effect of mixing sorbents in relation to the affinity for the sorption of metals was
investigated and it was found that mixtures also exhibited preferential sorption of
metals as the case in individual sorbents. However, mixture 2 showed approximately
the same affinity for the sorption of Cu, Ni, Cd, Cr and Al and further analysis was
performed using GAIA approach to identify the process parameters responsible. It
was found that enthalpy of sorption was the primary reason for similar metal sorption
affinity observed in mixture 2. This suggests that the mixtures of seaweed and zeolite
have the potential to make the affinity for different metals in a multi component

system similar if the enthalpy of metal sorption can be controlled.
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Chapter 8: Conclusions and
recommendation for future
research

8.1 CONCLUSIONS

This research study investigated the removal of metals from a multi metal system
using sorbents with the aim of employing sorption in tertiary stormwater treatment.
The metals investigated were, Pb, Cu, Cd, Zn, Cr, Al and Ni as these are commonly
present in urban stormwater. As individual sorbents exhibit a preferential sorption for
metal ions, it was hypothesised in the study that a mixture of sorbents with different
affinity patterns can result in similar preference for the sorption of all metal ions
leading to enhanced metal removal. To test this hypothesis, firstly, suitable sorbents
were selected and their metal removal processes were characterised. Then, the
characteristics of sorbent mixtures in relation to metal sorption affinity and metal

removal processes were investigated.

8.1.1 SORBENT SELECTION

A multi-criteria protocol was developed based on the multi criteria decision making
methods, PROMETHEE and GAIA, for the selection of sorbents. The protocol was
used to evaluate six sorbents, namely, seaweed, zeolite, sugarcane bagasse, clay,
activated carbon and corncob against a suite of technical and non-technical selection
criteria. The criteria considered were metal sorption capacity, cost, environmental,
operational and biodegradability factors. The following conclusions were derived

based on the analysis undertaken:

e Seaweed has affinity for the sorption of Al, Ni, Cr and Zn, while zeolite
and clay preferred the sorption of Pb and Cd. Seaweed, zeolite and clay
had equal affinity for Cu.

e Based on all the criteria considered, zeolite, seaweed and clay were the
best performers, while sugarcane bagasse, corncob and activated carbon

were the poor performers.
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o Based on the overall performance including the affinity for the sorption of
metals, it was found that zeolite and seaweed or clay and seaweed were
preferable for creating the mixtures to meet the study objectives.

Accordingly, zeolite and seaweed were selected for further study.

The multi-criteria protocol developed in the study is a contribution to knowledge as
conventional methods for sorbent evaluation are based on their metal sorption
capacity alone and, do not consider the important real-world factors such as cost and
environmental impacts. Additionally, the protocol is useful to readily understand
how each criterion affects the selection of sorbents, which provides the decision
maker with the ability to evaluate different selection scenarios. Furthermore, this
protocol can be used as the basis to create novel sorbent mixtures for the removal of
diverse pollutants from water. However, the major limitation of the multi-criteria
protocol is the sensitivity of the decision, which is dependent on PROMETHEE
modelling parameters such as the choice of preference function. Therefore, the
decision maker must be aware of the data characteristics and choose the preference

function accordingly.

8.1.2 ISOTHERM, KINETICS AND THERMODYNAMICS OF SORPTION MECHANISM
EMPLOYED BY ZEOLITE AND SEAWEED

The isotherm, kinetics and thermodynamics characteristics were investigated to

understand the metal sorption processes employed by zeolite and seaweed.

The following conclusions were derived from the metal sorption study using zeolite:

e Initial molar metal concentration, molar volume, valence -electron
configuration and hydration energy influenced the boundary layer
diffusion of metal ions. On the other hand, hydrated ionic size, chemical
hardness and molar concentration of metal ions influenced the intraparticle
diffusion of metal ions. The metal binding process was well described by
both pseudo first order and second order kinetics models. Furthermore, the

metal binding and the intraparticle rate series were approximately similar.
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Hence, it was concluded that the sorption of metals occurred

predominantly inside the intraparticle sites.

The primary rate-limiting step in the sorption of metals by zeolite was
intraparticle diffusion followed by the metal binding process. The
boundary layer diffusion did not have a significant effect on limiting the
overall metal removal rate. The sorption system attained equilibrium or

near equilibrium status within an hour.

e According to the thermodynamics study, sorption of metals by zeolite is
energetically favourable at high temperatures. According to the Gibbs free
energy and the enthalpy change, metal sorption by zeolite is a random
process. Furthermore, sorption of metals by zeolite is endothermic and
changes the structure of zeolite. The sorption is energetically favourable in
the order of Al > Cr > Pb > Ni > Cd > Cu > Zn. The affinity of zeolite for
metal sorption was found to be influenced by the sorption

thermodynamics.

e The Freundlich model fitted the isotherm experimental data better than the
Langmuir isotherm model. Hence, it was concluded that metal sorption by
zeolite occurred in multilayer. The affinity of zeolite for metal ions is
dependent on the charge density, hydration energy, valence electron
configuration of the ion and the kinetics rates. The ion exchange or
physisorption mechanisms also contributed to the sorption of Al, Cd, Zn,
Ni and Cu along with chemisorption. In contrast, Pb and Cr were

predominantly removed via chemisorption.

The following conclusions were derived from the metal sorption study using

seaweed:

e The molar metal concentration and hydration energy are influential in
boundary layer diffusion, while molar concentration, hydration energy and
molar volume of metals govern intraparticle diffusion. Both pseudo first
order and second order models can be used to describe the metal binding

process. Metal sorption in seaweed occurred inside the cracks on the
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external surface since the metal binding rate series is similar to the

intraparticle rate series.

The primary rate-limiting step is the metal binding process. Intraparticle
diffusion also influences sorption, whereas boundary layer diffusion
controls the overall metal removal rate at a low concentration. The
equilibrium or near equilibrium for metal sorption by seaweed is achieved

within one hour.

e According to the Gibbs free energy and the entropy change values, metal
sorption by seaweed is a random process. Based on the enthalpy change,
sorption of Ni, Pb, Cu, Cr and Zn by seaweed is thermodynamically
favourable compared to zeolite, while sorption of Cu, Cd and Al by zeolite
is thermodynamically favourable. The metal sorption by seaweed is
energetically favourable in the following order: Zn < Cu < Cd <Cr= Al <
Pb < Ni and this order does not reflect the sorption affinity order derived
from the Freundlich constants. Thus, the affinity of seaweed for the

sorption of metals is not influenced by the sorption thermodynamics.

e The Freundlich isotherm model describes the isotherm characteristics of
the metal sorption by seaweed. Kinetics rates, hydration energies and
charge densities of metal ions influence the sorption affinity of seaweed.
Sorption of Cr, Al, Pb and Cd occur via ion exchange, while physisorption
is responsible for the sorption of Ni by seaweed. Zn is sorbed via ionic

interaction with the anionic sites of seaweed.

In summary, the boundary layer diffusion process in seaweed and zeolite is
influenced by the metal properties. The intraparticle diffusion in zeolite is governed
by properties of metals and zeolite, while that in seaweed is predominantly
influenced by the metal properties. Furthermore, it was found that sorption in both
sorbents occur mainly in the intraparticle sites. The primary rate-limiting steps are
intraparticle diffusion followed by the metal binding process for zeolite and for
seaweed it is the metal binding process followed by the intraparticle and boundary

layer diffusion.
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Sorption begins spontaneously, is favourable at higher temperatures and is of
endothermic nature for both sorbents. Furthermore, thermodynamics have an
influence on the metal sorption affinity in case of zeolite, while it has little effect in
seaweed. Based on the analysis of both sorbents, it was concluded that the
heterogeneity of sorbent properties made the sorption kinetics characteristics system

specific.

The major advancement of knowledge contributed by this part of the research study
was in the area of sorption kinetics investigations. This research proposed a novel
approach for the kinetics rate-limiting investigations including the introduction of a
new parameter, namely, average specific metal removal rate, which is defined as the
average metal sorption rate per a unit mass of sorbent, to account for the overall
metal removal rate. The advantage of this approach over conventional techniques is
that the former predicts to what extent a particular kinetic step limits the overall
metal removal rate, which is imperative to decide whether any process modification
can result in a significant increase in the overall metal removal rate. Additionally, the
new approach considers the metal binding process in the analysis of the rate-limiting
step in addition to the diffusion processes, while the conventional methods assume
only the diffusion processes are responsible for limiting the overall metal removal

rate.

8.1.3 ISOTHERM, KINETICS AND THERMODYNAMICS OF SORPTION MECHANISM
EMPLOYED BY THE MIXTURES

The effect of mixing sorbents was investigated by characterising the mechanism
employed by the mixtures. The following conclusions were derived in relation to the

metal sorption mechanisms of mixtures:

e Similar to zeolite and seaweed individually, the sorption equilibrium was
achieved within one hour, for the mixtures. The boundary layer diffusion
rate series was not affected by mixing sorbent materials. However, in
mixtures, the boundary layer diffusion was affected by the properties of
metals such as molar concentration, molar volume, valence electron

configuration and hydration energy.
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Mixing sorbent materials had either cumulative or compromise effects on
the intraparticle diffusion rates. The cumulative effect on the intraparticle
diffusion rate in mixtures was observed when the driving force for the
intraparticle diffusion in the individual sorbents for a particular metal had
a similar trend. For example, the intraparticle diffusion rate of Al was high
in zeolite and seaweed. Consequently, in mixtures, the intraparticle

diffusion rate of Al was also high.

In contrast, for the compromise scenario, one sorbent in the mixture can
provide a large driving force, while the other sorbent can reduce the
driving force for intraparticle diffusion. Furthermore, the metal binding
rate series was similar to the intraparticle diffusion rate series indicating

that the active sites were primarily present in the intraparticle sites.

The intraparticle diffusion was the rate-limiting step in mixtures when
zeolite was present in high fraction, and the metal binding process was rate
limiting when seaweed was the primary component in mixtures. The
overall metal removal rate was limited by both intraparticle and boundary
layer diffusion processes when both seaweed and zeolite were present in

an approximately equal amount.

The Freundlich isotherm model described the isotherm characteristics of
metal sorption by mixtures. Though the affinity for metals was affected by
the individual sorbents present in mixtures, the nature of the mechanism
did not always reflect that of the individual sorbents. The process of metal
sorption by mixtures was spontaneous, endothermic and favourable at high
temperatures. The affinity of mixtures for the sorption of metals was found

to be dependent on the sorption enthalpy.

In summary, the boundary layer diffusion process in mixtures was found to be

influenced by the properties of metals. However, the intraparticle diffusion and the

metal binding processes in mixtures exhibited a compromise or cumulative effects

depending on the characteristics of these processes in individual sorbents. The

primary rate-limiting step in mixtures depended on the composition of mixtures such

that the rate-limiting step was intraparticle diffusion if zeolite was the major
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component, the metal binding process if seaweed was the main component and both
intraparticle and boundary diffusion processes if both sorbents were present in an
approximately equal amount. Furthermore, sorption by mixtures began

spontaneously, was favourable at higher temperature and was of endothermic nature.

Based on the study outcomes, the advancement of knowledge by this research study
relate to the development of the mathematical relationships to predict the sorption
kinetics and thermodynamics of mixtures based on those of individual sorbents. Such
relationships can be useful in creating customised sorbent mixtures for the sorption
of specific metal ions. The theoretical values calculated from the mathematical
relationships discussed above were plotted against the experimental data to

investigate the applicability of the equations.

From the analyses, it was found that the boundary layer diffusion rate, intraparticle
diffusion rate, metal binding rate and enthalpy of sorption did not completely obey
the mathematical relationships derived in this research study to predict the kinetics
and thermodynamics of sorption in mixtures based on individual sorbents.
Nevertheless, intraparticle diffusion rate, metal binding rate and sorption enthalpy of
mixtures displayed higher coefficient of determination (R* values) in comparison to
the boundary layer diffusion rate, thus indicating a certain degree of relationship with
that of sorbents. However, this relationship was not strong enough to be statistically

significant, which was attributed to the heterogeneity of sorbent properties.

Furthermore, it was hypothesised in the research study that mixtures of sorbents will
result in a similar affinity for the sorption of metal ions in a multi metal system.
Approximately the same affinity for the sorption of Cu, Ni, Cd, Cr and Al was
observed for mixture 2 (80% zeolite and 20% seaweed) and similar sorption enthalpy
was found to be responsible for similar metal sorption affinity. Hence, it was
concluded that the sorbent mixtures can be used to obtain similar affinity for metal

ions if the metal sorption enthalpy is similar.
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8.2 RECOMMENDATIONS FOR FUTURE RESEARCH

This research study created new knowledge regarding the mechanisms employed by
zeolite, seaweed and their mixtures in the sorption of dissolved metals and the effect
of mixing sorbent materials on the sorption kinetics and thermodynamics.
Additionally, the research study established that there is a potential for mixtures to be
used to control the affinity for the sorption of metals. The following future studies
are recommended to bridge the knowledge gaps identified to further advance the use
of sorbent mixtures to enhance the sorption affinity of metals in a multi metal

system:

e The system investigated in this study is complex with seven metal ions in
competition for the active sites present in sorbent materials. Important
physico-chemical properties such as hydration energy and molar volume
responsible for metal diffusion are different for each metal. Consequently,
many important parameters cannot be adequately controlled in a multi metal
system. Therefore, further investigations are necessary to identify the critical
physical and chemical factors responsible for enhancing the affinity for the
sorption of metal ions in a mixture using well-controlled single metal
systems.

e The mixtures were found to have the potential to change the sorption
enthalpy, on which the sorption affinity was found to be dependent.
Knowledge of the fundamental physical and chemical factors responsible for
the change in sorption enthalpy in mixtures is important to influence the
affinity for the sorption of metal ions. Hence, further studies are required to
identify these factors. The experimental conditions that have an influence on
the metal sorption mechanism were controlled in this study. However, the
properties of sorbent materials also affect metal sorption processes. Thus, the
sensitivity of influential properties of sorbents on metal removal performance
needs to be investigated. This knowledge is essential in robust design of a
treatment system for real-world application.

e The mathematical equations derived in this study did not show statistically
significant relationships with the experimental data. This was attributed to the

heterogeneity of the properties of sorbents used in this study. The
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applicability of these equations to mixtures that are made up of sorbents with
relatively homogenous properties needs to be investigated to identify the
properties of sorbents responsible for the deviation from theoretical
relationships observed in this research. This knowledge is essential to
enhance the mathematical relationships derived in this research and
consequently, to create custom designed sorbent mixtures to enhance the
affinity for the sorption of specific metal ions in a multi metal system.

The metal removal performance of sorbent mixtures needs to be optimised for
various factors such as agitation speed, pH, initial metal concentration and
adsorbent dose. Furthermore, column experiments provide vital information
for the design of a treatment system based on continuous flow, which is
considered a more practical form. Hence, column experimental studies should
be undertaken for sorbent mixtures and the parameters such as flow rate,
temperature and bed volume should be optimised to achieve the best metal
removal performance. Finally, sorbent regeneration needs to be investigated
in order to understand the potential for reusing sorbents and recovering the

sorbed metals for safe disposal.
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Experimental metal sorption capacities from
research literature
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Table A.1 Metal sorption capacities of sorbents

Sorbent Metal ion Sorption capacity Reference/s
(mmol/g)
'SW Ni 0.61
Cu 0.99
7n 0.50 Sheng et al. (2004)
Cd 0.76
Pb 1.16
'cc Ni 0.37 Vaughan et al. (2001)
Cu 0.49 Leyva-Ramos et al. (2005)
Zn 0.40 Vaughan et al. (2001)
Cd 0.49 Leyva-Ramos et al. (2005)
Pb 0.40 Vaughan et al. (2001)
'SB Ni 2.80 Homagai et al. (2010)
Cu 2.09 Karnitz et al. (2007)
Zn 2.54 Homagai et al. (2010)
Cd 2.78 )
- 51 Karnitz et al. (2007)
'AC Ni 1.72 Erdogan et al. (2005)
Cu 1.16
70 018 Park et al. (2007)
Cd 0.17 Madhava Rao et al. (2006)
Pb 0.72 Park et al. (2007)
'z Ni 0.03
“u 097 Alvarez-Ayuso et al. (2003)
Zn 0.05
Cd 0.04
Pb 0.07 Turkman et al. (2004)
'c Ni 0.48 Sengupta et al. (2006)
Cu 0.40 Bhattacharyya et al. (2006)
Zn 0.23 Vengris et al. (2001)
Cd 0.29 Gupta et al. (2006)
Pb 0.16 Gupta et al. (2005)

Notes:' Seaweed (SW); Corncob (CC); Sugarcane bagasse (SB); Activated carbon (AC); Zeolite (Z); Clay (C)
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Table A.2 Experimental equilibrium sorption capacities (in pmol/g)

Sorbent Equilibrium sorption capacity (in pmol/g)
materials Al Cr Ni Cu Zn Cd Pb

Seaweed 0.08 0.40 0.75 0.47 0.34 0.08 0.13
Corncob 0.07 0.06 0.09 0.06 0.03 0.04 0.03
Sugarcane

0.00 0.50 0.27 0.25 0.08 0.16 0.05
bagasse
Activated

0.00 0.10 0.25 0.01 0.04 0.10 0.02
carbon
Zeolite 0.00 0.31 0.28 0.39 0.08 0.20 0.50
Clay 0.00 0.42 0.42 0.53 0.00 0.31 0.27
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Appendix B
Sorption experimental data for zeolite and seaweed
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Table B.1 Cu sorption capacity of zeolite (mg/g)

Kinetics experimental data for zeolite

Initial metal concentration / (mg/L)

Time
200 100 50 20
(min.)
Mean SD! Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 5.0 0.1 2.0 0.0 0.7 0.0 0.2 0.0
20 5.5 0.1 2.2 0.0 1.0 0.0 0.3 0.0
40 5.7 0.1 2.5 0.0 1.1 0.0 04 0.0
60 5.7 0.2 2.5 0.0 1.1 0.0 04 0.0
120 6.0 0.2 2.5 0.0 1.2 0.0 04 0.0
180 5.7 0.1 2.6 0.0 1.3 0.0 0.5 0.0
270 5.7 0.0 24 0.0 1.3 0.0 0.5 0.0
360 5.7 0.0 2.3 0.1 1.3 0.2 0.5 0.0
1500 59 0.2 2.5 0.1 1.4 0.0 0.5 0.0
Notes:
'Standard deviation (SD)
Table B.2 Ni sorption capacity of zeolite (mg/g)
Initial metal concentration / (mg/L)
Time
200 100 50 20
(min.)
Mean SD Mean SD Mean SD Mean SD
5 0.0 0.0 83.3 0.0 0.0 0.0 0.0 0.0
10 3.5 0.3 78.3 0.0 1.1 0.0 0.3 0.1
20 4.1 0.1 77.9 0.0 1.3 0.0 0.5 0.0
40 4.2 0.1 78.5 0.1 14 0.0 04 0.0
60 4.6 0.1 78.9 0.0 14 0.1 0.5 0.0
120 4.8 0.2 78.6 0.1 1.4 0.0 0.5 0.0
180 4.8 0.0 78.6 0.1 1.4 0.0 0.5 0.0
270 4.9 0.2 78.9 0.1 1.5 0.0 0.5 0.0
360 4.8 0.1 79.2 0.1 1.5 0.0 0.5 0.0
1500 4.8 0.1 78.1 0.1 1.5 0.1 0.5 0.0
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Table B.3 Cd sorption capacity of zeolite (mg/g)

Initial metal concentration / (mg/L)

Time

(min) 200 100 50 20
Mean SD Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 1.9 0.2 1.0 0.0 0.4 0.0 0.2 0.0
20 2.1 0.1 1.2 0.1 0.6 0.0 0.2 0.0
40 23 0.1 1.1 0.1 0.8 0.0 0.3 0.0
60 2.6 0.0 1.0 0.2 0.8 0.0 0.3 0.0
120 2.7 0.0 1.1 0.0 0.8 0.0 0.3 0.0
180 2.9 0.1 1.1 0.1 0.8 0.0 0.3 0.0
270 3.0 0.3 1.2 0.2 0.8 0.0 0.3 0.0
360 2.9 0.2 1.1 0.1 0.8 0.1 0.3 0.0
1500 2.8 0.1 1.1 0.1 0.8 0.1 0.3 0.0

Table B.4 Pb sorption capacity of zeolite (mg/g)
Initial metal concentration / (mg/L)
Time

(min) 200 100 50 20
Mean SD Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 3.1 0.1 1.5 0.2 0.7 0.1 0.2 0.1
20 3.4 0.2 1.7 0.2 1.0 0.0 0.5 0.1
40 3.9 0.1 1.8 0.1 1.2 0.1 0.4 0.0
60 4.3 0.1 1.9 0.2 1.2 0.1 0.5 0.0
120 4.3 0.3 1.9 0.1 1.2 0.0 0.5 0.0
180 4.3 0.2 2.0 0.0 1.2 0.0 0.5 0.1
270 4.3 0.1 1.9 0.1 1.3 0.2 0.5 0.0
360 4.2 0.4 1.9 0.1 1.2 0.1 0.5 0.0
1500 4.2 0.3 1.9 0.3 1.3 0.1 0.5 0.0
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Table B.5 Cr sorption capacity of zeolite (mg/g)

Initial metal concentration / (mg/L)

Time
(min) 200 100 50 20
Mean SD Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 0.7 0.1 1.7 0.1 0.6 0.0 0.5 0.1
20 1.5 0.2 2.1 0.0 0.9 0.0 0.5 0.0
40 2.1 0.0 23 0.0 1.0 0.0 0.5 0.0
60 2.9 0.1 2.5 0.1 1.0 0.0 0.6 0.0
120 3.0 0.0 2.5 0.1 1.0 0.0 0.6 0.0
180 3.0 0.2 2.6 0.1 1.1 0.0 0.6 0.0
270 2.9 0.2 2.5 0.1 1.1 0.0 0.6 0.0
360 3.0 0.3 2.5 0.1 1.1 0.0 0.6 0.0
1500 3.0 0.2 24 0.2 1.1 0.0 0.6 0.0
Table B.6 Al sorption capacity of zeolite (mg/g)
Initial metal concentration / (mg/L)
Time
(min) 200 100 50 20
Mean SD Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 5.7 0.1 2.9 0.0 1.6 0.0 0.7 0.1
20 6.3 0.1 3.2 0.0 1.8 0.0 0.7 0.0
40 6.5 0.1 33 0.0 1.9 0.0 0.7 0.0
60 7.1 0.0 3.5 0.1 1.9 0.1 0.7 0.0
120 7.2 0.0 3.5 0.1 1.9 0.0 0.7 0.0
180 7.2 0.2 3.6 0.1 1.9 0.0 0.7 0.0
270 7.1 0.1 3.5 0.1 1.9 0.0 0.7 0.0
360 7.0 0.2 3.5 0.1 1.9 0.0 0.7 0.0
1500 7.1 0.2 34 0.2 1.9 0.0 0.7 0.0
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Table B.7 Zn sorption capacity of zeolite (mg/g)

Initial metal concentration / (mg/L)

Time 200 100 50 20
(min.)

Mean SD Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 1.3 0.4 0.5 0.0 0.4 0.0 0.1 0.0
20 1.9 0.1 0.6 0.1 0.7 0.0 0.2 0.0
40 2.1 0.1 0.7 0.1 0.8 0.0 0.2 0.0
60 2.5 0.0 0.9 0.1 0.8 0.0 0.2 0.0
120 2.6 0.0 0.9 0.0 0.8 0.0 0.2 0.0
180 2.6 0.0 0.9 0.1 0.8 0.0 0.2 0.0
270 2.6 0.1 0.9 0.1 0.8 0.0 0.2 0.0
360 2.6 0.1 0.9 0.1 0.8 0.0 0.2 0.0
1500 2.6 0.1 0.9 0.1 0.8 0.1 0.2 0.0
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Thermodynamics experimental data for zeolite

Table B.8 Distribution coefficients for metal ions (L/g)

'T Cu Ni cd Pb Cr Al Zn

303 0.007  0.017  0.009  0.028  0.037  0.039  0.002
313 0.013  0.028  0.013  0.048  0.048  0.047  0.009
323 0.019  0.033  0.020 0.056  0.065 0.070  0.014
333 0.028  0.048  0.031  0.069  0.069  0.063  0.025

Notes:

'Absolute temperature (T) in K
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Isotherm experimental data for zeolite

Table B.9 Equilibrium sorption capacity and metal concentration for zeolite

Cu Ni Cd Pb Cr Al Zn

'"Q. '¢. Q. C. Q C. Q C. Q C. Q C. Q. C.

51 149 48 152 29 171 43 157 3.0 170 7.1 129 2.6 174
21 794 21 786 1.1 889 19 809 25 749 35 648 09 913
1.3 368 14 356 08 424 12 378 1.0 395 19 30.7 08 41.7
05 147 05 153 03 17.0 05 151 0.6 141 0.7 130 02 178

Notes:

'"Equilibrium sorption capacity (Q.) in mg/g; Equilibrium metal concentration (C.) in mg/L
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Kinetics experimental data for seaweed

Table B.10 Cu sorption capacity of seaweed (mg/g)

Initial metal concentration / (mg/L)

Time
200 100 50 20
/(min.)
Mean SD! Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 2.9 0.2 2.0 0.0 1.1 0.0 0.3 0.0
20 3.6 0.1 2.2 0.0 1.2 0.0 04 0.0
40 39 0.1 2.5 0.2 1.3 0.0 0.5 0.0
60 4.3 0.0 2.6 0.0 1.3 0.0 0.5 0.0
120 4.4 0.1 2.6 0.0 1.3 0.0 0.5 0.0
180 4.4 0.1 2.7 0.0 1.3 0.0 0.5 0.0
270 4.4 0.1 2.7 0.0 1.3 0.0 0.5 0.0
360 4.3 0.1 2.7 0.0 1.3 0.0 0.5 0.0
1500 4.4 0.0 2.8 0.0 1.3 0.0 0.5 0.0
Notes:
'Standard deviation (SD)
Table B.11 Ni sorption capacity of seaweed (mg/g)
Initial metal concentration / (mg/L)
Time
200 100 50 20
/(min.)
Mean SD Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 2.9 0.0 2.5 0.1 0.4 0.0 0.1 0.0
20 4.2 0.0 2.8 0.0 1.6 0.0 0.1 0.0
40 4.4 0.1 3.0 0.0 1.6 0.0 0.3 0.0
60 4.8 0.1 3.1 0.0 1.6 0.0 0.3 0.0
120 5.6 0.1 3.1 0.1 1.7 0.0 0.3 0.0
180 5.6 0.1 3.0 0.0 1.7 0.1 0.3 0.0
270 5.5 0.1 3.0 0.0 1.8 0.0 0.3 0.0
360 5.5 0.1 3.1 0.1 1.8 0.2 0.3 0.1
1500 5.6 0.3 3.0 0.0 1.8 0.0 0.3 0.0
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Table B.12 Cd sorption capacity of seaweed (mg/g)

Initial metal concentration / (mg/L)

Time
J(emin) 200 100 50 20
Mean SD Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 0.5 0.1 1.5 0.0 0.4 0.0 0.2 0.0
20 2.0 0.1 1.9 0.1 0.7 0.0 0.3 0.0
40 2.2 0.1 2.1 0.1 1.3 0.0 0.3 0.0
60 2.8 0.1 2.2 0.1 1.3 0.0 0.3 0.0
120 34 0.2 2.2 0.0 1.4 0.0 0.3 0.0
180 3.7 0.2 2.1 0.0 1.4 0.1 0.3 0.0
270 3.7 0.0 2.1 0.0 1.5 0.0 0.3 0.0
360 3.7 0.1 2.2 0.1 1.5 0.0 0.3 0.0
1500 3.7 0.1 2.2 0.0 1.5 0.0 0.3 0.0
Table B.13 Pb sorption capacity of seaweed (mg/g)
Initial metal concentration / (mg/L)
Time
J(min) 200 100 50 20

Mean SD Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 34 0.1 3.8 0.0 1.6 0.0 0.2 0.0
20 4.3 0.1 3.9 0.1 1.7 0.0 0.3 0.0
40 4.7 0.1 4.0 0.1 1.8 0.0 0.3 0.0
60 5.1 0.1 4.1 0.1 1.9 0.0 0.4 0.0
120 5.6 0.2 4.4 0.0 2.1 0.0 0.4 0.0
180 5.7 0.2 43 0.0 2.1 0.1 0.4 0.0
270 5.9 0.0 4.2 0.0 2.1 0.0 0.5 0.0
360 5.9 0.1 43 0.1 2.1 0.0 0.4 0.0
1500 5.9 0.1 43 0.0 2.1 0.0 0.5 0.0
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Table B.14 Cr sorption capacity of seaweed (mg/g)

Initial metal concentration / (mg/L)

Time
J(min) 100 50 20
Mean SD Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 4.0 0.1 2.0 0.0 0.5 0.0 0.2 0.1
20 5.0 0.1 2.6 0.0 1.1 0.0 0.2 0.0
40 5.1 0.0 3.7 0.1 1.4 0.0 0.3 0.0
60 54 0.1 3.8 0.0 1.6 0.0 0.4 0.0
120 5.8 0.1 4.1 0.0 1.8 0.0 0.4 0.0
180 6.1 0.0 4.5 0.0 1.8 0.1 0.5 0.0
270 6.1 0.1 4.5 0.0 1.8 0.0 0.5 0.0
360 6.0 0.1 4.4 0.0 1.8 0.1 0.5 0.0
1500 6.1 0.1 4.5 0.0 1.8 0.1 0.5 0.0
Table B.15 Al sorption capacity of seaweed (mg/g)
Initial metal concentration / (mg/L)
Time
(min) 100 50 20

Mean SD Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 6.0 0.1 3.1 0.0 1.0 0.6 0.3 0.1
20 6.8 0.2 3.5 0.1 1.3 0.5 0.4 0.0
40 6.9 0.0 4.6 0.0 1.4 0.5 0.4 0.0
60 7.2 0.2 4.6 0.0 1.4 0.5 0.5 0.0
120 7.2 0.1 4.9 0.0 1.5 0.5 0.5 0.0
180 7.2 0.2 5.2 0.0 1.5 0.5 0.5 0.0
270 7.1 0.1 5.2 0.0 1.6 0.5 0.5 0.0
360 7.2 0.2 5.2 0.1 1.6 0.4 0.6 0.0
1500 7.2 0.2 5.2 0.0 1.6 0.5 0.6 0.0
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Table B.16 Zn sorption capacity of seaweed (mg/g)

Initial metal concentration / (mg/L)

Time 200 100 50 20
/(min.)

Mean SD Mean SD Mean SD Mean SD
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 1.3 0.1 0.3 0.1 0.6 0.0 0.2 0.0
20 24 0.1 1.1 0.0 0.9 0.0 0.2 0.0
40 2.6 0.1 24 0.1 0.9 0.0 0.3 0.0
60 2.6 0.1 2.5 0.1 1.0 0.0 0.3 0.0
120 2.7 0.3 2.9 0.0 1.0 0.0 0.3 0.0
180 2.6 0.1 34 0.0 1.1 0.0 0.4 0.0
270 2.6 0.1 34 0.0 1.2 0.0 0.4 0.0
360 2.7 0.3 33 0.1 1.2 0.0 0.4 0.0
1500 2.7 0.3 33 0.0 1.1 0.1 0.4 0.0
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Thermodynamics experimental data for seaweed

Table B.17 Distribution coefficients for metal ions (L/g)

'T Cu Ni cd Pb Cr Al Zn

303 0.016  0.029 0015 0063 0050  0.055  0.009
313 0.025  0.039  0.024 0055  0.057  0.057  0.017
323 0.031  0.045  0.030  0.065  0.063  0.060  0.026
333 0.040  0.051  0.037 0103 0076  0.083  0.031

Notes:

' Absolute temperature (T) in K

270



Isotherm experimental data for seaweed

Table B.18 Equilibrium sorption capacity and metal concentration for zeolite

Cu Ni Cd Pb Cr Al Zn

Q. '¢. Q. C. Q C Q C. Q C. Q C. Q. C.

44 156 5.6 144 3.7 163 59 141 6.1 139 72 128 26 174
27 727 3.0 69.6 2.1 785 43 57.0 45 553 52 479 34 66.5
1.3 372 1.7 327 15 350 21 292 18 31.8 1.6 341 1.1 387
05 149 03 17.1 03 168 04 155 05 153 05 14.6 04 157

Notes:

'Equilibrium sorption capacity (Q.) in mg/g; Equilibrium metal concentration (C.) in mg/L
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Appendix C
Sorption experimental data for mixtures of zeolite
and seaweed

273



Kinetics experimental data for mixtures

Table C.1 Metal sorption capacities of mixture 1 (mg/g)

Time Cu Ni Cd Pb Cr Al Zn
/min) ™M 'SD M SD M SD M SD M SD M SD M SD
5 00 00 00 00 00 00 00 00 00 00 0.0 0.0 0.0 00
10 14 01 46 01 25 00 38 01 1.8 01 6.1 01 25 0.0
20 16 02 48 01 28 00 41 01 23 01 65 01 2.7 0.1
40 26 01 49 0.1 28 00 40 03 36 00 7.5 0.1 35 0.1
60 27 00 51 0.1 30 00 43 01 40 00 7.8 00 3.6 0.0
120 33 01 54 01 34 00 45 01 41 00 7.7 00 34 0.0
180 33 01 54 01 35 01 44 01 41 00 7.7 00 34 0.1
270 33 0.1 53 01 36 02 44 01 41 01 7.7 00 35 0.0
360 33 0.1 54 01 34 02 44 0.1 40 00 7.7 0.0 34 0.0
1500 33 01 53 0.1 34 00 44 0.1 40 00 7.7 0.1 3.5 0.1
Notes:
'Mean (M); Standard deviation (SD)
Table C.2 Metal sorption capacities of mixture 2 (mg/g)
Time Cu Ni Cd Pb Cr Al Zn
/min) M SD M SD M SD M SD M SD M SD M SD
5 00 0.0 00 00 00 00 00 00 00 00 00 0.0 00 0.0
10 19 01 34 00 12 00 22 00 19 00 34 01 1.0 0.1
20 40 01 53 01 32 01 55 02 49 01 69 00 20 0.1
40 41 00 55 01 34 01 58 0.1 50 00 70 01 25 0.1
60 52 04 63 04 44 04 59 01 52 01 72 01 26 0.2
120 53 01 65 0.0 48 01 6.1 0.1 54 0.1 74 00 26 0.1
180 53 01 65 0.1 48 01 60 0.0 55 0.1 81 02 28 0.2
270 53 00 65 0.0 48 01 6.1 00 56 0.1 81 02 28 0.2
360 53 0.1 65 00 48 01 6.1 0.0 58 02 81 02 29 0.1
1500 53 00 65 0.0 48 00 6.1 0.0 58 02 80 03 31 02
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Table C.3 Metal sorption capacities of mixture 3 (mg/g)

Time Cu Ni Cd Pb Cr Al Zn
/mn) M SD M SD M SD M SD M SD M SD M SD
5 00 0.0 00 00 00 00 00 00 00 00 00 0.0 00 0.0
10 50 0.1 39 00 21 00 60 0.1 48 00 73 0.0 2.1 00
20 55 0.1 43 01 25 01 63 02 53 00 76 01 26 00
40 57 0.1 50 01 3.0 00 67 02 58 01 80 0.1 33 0.1
60 57 02 58 01 40 01 74 02 6.6 00 84 0.1 39 02
120 6.0 02 60 0.1 42 01 75 02 6.6 00 84 02 4.0 03
180 57 01 64 02 44 01 75 00 6.6 0.1 84 0.1 4.0 02
270 57 00 64 0.1 44 01 76 01 6.6 01 85 0.0 39 0.0
360 5.7 00 64 0.1 44 03 75 00 6.6 0.1 84 00 4.0 0.1
1500 59 02 64 0.1 44 02 75 01 6.6 0.1 83 00 4.0 0.1

Table C.4 Metal sorption capacities of mixture 4 (mg/g)

Time Cu Ni Cd Pb Cr Al Zn
/mn) M SD M SD M SD M SD M SD M SD M SD
5 00 0.0 00 00 00 00 00 0.0 00 00 00 0.0 00 0.0
10 3.1 0.1 40 00 19 01 30 0.1 21 01 41 01 25 00
20 32 00 47 02 27 00 40 01 26 0.0 49 00 29 0.0
40 34 01 51 02 32 02 46 01 29 0.1 54 01 3.0 0.1
60 3. 0.1 54 0.1 35 02 47 04 35 01 55 00 33 0.1
120 39 01 55 0.1 36 01 51 01 35 00 56 01 34 0.1
180 4.1 01 56 0.1 37 01 52 00 34 00 58 00 34 0.0
270 40 0.1 56 0.1 36 00 52 00 35 00 58 03 35 0.1
360 4.0 00 56 0.1 36 01 53 01 35 01 58 04 35 00
1500 4.0 0.1 56 01 36 01 53 01 34 00 57 01 35 00
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Isotherm experimental data for mixtures

Table C.5 Metal sorption capacities of mixture 1 (mg/g)

Cu

Ni

Cd

Pb

Cr

Al

'Q. 'C.

Q. C.

Q.

Ce

Q.

Ce

Q C.

Q. C.

33 167
24 76.0
0.5 454
04 16.1

53 147
2.7 727
1.2 38.0
0.6 13.9

34
1.7
0.8
0.5

166
83.1
41.8
14.8

4.4
1.7
1.3
0.6

155
83.4
37.4
13.5

4.0 160
1.9 814
1.6 33.8
0.5 14.8

7.7 123
4.4 56.1
1.9 309
09 115

3.5
1.6
0.8
0.5

165
83.8
41.9
15.3

Notes:

'"Equilibrium sorption capacity (Q.) in mg/g; Equilibrium metal concentration (C.) in mg/L

Table C.6 Metal sorption capacities of mixture 2 (mg/g)

Cu

Ni

Cd

Pb

Cr

Al

Zn

Q G

Q. G

Q.

Ce

Q.

Ce

Q Ce

Q C.

Q.

Ce

53 147
2.7 733
1.3 369
03 17.1

6.5 135
33 674
1.6 33.8
04 165

4.8
24
1.0
0.3

152
76.1
39.6
17.5

6.1
1.1
0.3
0.8

139

89.0
47.5
12.3

5.7 143
2.7 73.0
1.2 37.8
04 163

82 118
4.0 604
2.0 30.0
04 15.6

3.1
2.3
0.9
0.7

169
77.0
41.1
13.0

Table C.7 Metal sorption capacities of mixture 3 (mg/g)

Cu

Ni

Cd

Pb

Cr

Al

Zn

Q. G

Q C.

Q.

Ce

Q.

Ce

Q. Ce

Q.

Q.

5.8 142
24 757
1.4 364
0.5 145

6.4 136
32 679
1.5 34.6
03 16.6

44
2.2
1.0
0.2

156
78.1
39.8
18.4

7.5
2.0
1.1
0.6

125

80.1
39.0
14.5

6.6 134
49 512
2.5 24.6
0.6 13.6

8.3
6.0
3.1
0.7

117
39.5
19.2
12.8

3.9
4.6
24
0.3

161
543
26.3
17.4
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Table C.8 Metal sorption capacities of mixture 4 (mg/g)

Cu Ni Cd Pb Cr Al Zn
Qe Ce Qe Ce Qe Ce Qe Ce Qe Ce Qe Ce Qe Ce

40 160 56 144 3.7 163 53 147 34 166 58 142 3.6 164
26 7377 32 677 23 773 33 673 13 873 32 675 2.1 789
1.5 345 1.8 318 1.5 351 20 296 09 406 19 314 14 363
04 163 05 152 03 167 1.2 85 0.1 192 03 169 0.2 184
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Thermodynamics experimental data for mixtures

Table C.9 Distribution coefficient for mixture 1

T ’Cu ’Ni ’Ccd ’Pb ’Cr 2Al >Zn

303 0.009 0.024 0.009 0.034 0.040 0.039 0.006
313 0.023 0.038 0.023 0.055 0.058 0.056 0.017
323 0.027 0.040 0.024 0.141 0.072 0.085 0.019
333 0.033 0.053 0.034 0.059 0.071 0.065 0.028

Notes:
'Absolute temperature (T) in K;

Distribution coefficient (Kq) of corresponding metal ion in L/g

Table C.10 Distribution coefficient for mixture 2

T Cu Ni Cd Pb Cr Al Zn

303 0.010 0.025 0.010 0.039 0.042 0.043 0.006
313 0.021 0.036 0.023 0.048 0.055 0.047 0.015
323 0.025 0.039 0.023 0.131 0.069 0.080 0.017
333 0.039 0.049 0.041 0.052 0.071 0.072 0.028

Table C.11 Distribution coefficient for mixture 3

T Cu Ni Cd Pb Cr Al Zn

303 0.011 0.025 0.009 0.039 0.042 0.044 0.005
313 0.017 0.035 0.019 0.043 0.051 0.049 0.012
323 0.030 0.043 0.028 0.145 0.075 0.089 0.021
333 0.032 0.045 0.031 0.073 0.066 0.070 0.025

Table C.12 Distribution coefficient for mixture 4

T Cu Ni Cd Pb Cr Al Zn

303 0.016 0.031 0.015 0.043 0.047 0.049 0.010
313 0.021 0.037 0.020 0.041 0.053 0.051 0.015
323 0.030 0.041 0.025 0.135 0.072 0.088 0.018
333 0.032 0.044 0.030 0.065 0.063 0.066 0.023
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