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Abstract
Metal speciation and its relationship to toxicity are critical concepts for understanding the
effect o f metals on the natural environment. This study explores the speciation o f nickel
and its relationship to algal toxicity (Pseudokirchneriella subcapitata) in mining and
municipal aqueous effluents. Ion Exchange Technique (IET) was applied to determine
free nickel ion concentration, [Ni ], which was compared with the predictions of
Windermere Humic Aqueous Model (WHAM) VI. Labile [Ni] and [Cu] were measured
using Competing Ligand Exchange Method (CLEM), for comparison. Only half o f the
samples showed agreement between the IET and the WHAM VI results. Good
consistency was found between the measured IC 25 (concentration causing 25% growth
inhibition) and the labile [Ni], but not the IET-measured [Ni2+]. The results o f this study
suggest that labile metal concentrations may be better indicators o f bioavailability in
complex effluent samples, and further development o f IET for applications to such
samples is necessary for the method validation.
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1
1.1

Introduction
Statement of the problem

Trace metal concentrations in natural waters are regulated by processes such as
atmospheric precipitation and weathering o f soils and bedrocks. However, these
processes have been considerably altered by anthropogenic activities which have resulted
in increased flux o f toxic metals and their distribution in freshwater systems [1,2]. Large
contributions to metal pollution in the aquatic environment are made by toxic species in
industrial and domestic wastewaters, sewage discharges, and urban water run-off. Such
contaminations often originate from point sources and may result in excessive metal
burden in local waters. Mine aqueous effluents, which are composed o f multiple metal
mixtures, are a persistent threat to human and environmental health. Since trace metals
(e.g. Ni, Cu, Pb, Cd) can play the role o f either essential micronutrients or toxicants
depending on their concentrations and chemical speciation, their regulation in natural
waters is critical [3].

In Canada, the new Metal Mining Effluent Regulations (MMER) require mines to assess
the possibility for chronic effects o f effluents via Environmental Effects Monitoring
(EEM) studies and a set o f lab-based chronic toxicity tests [4]. Although EEM and
mesocosm studies (simplified but reliable substitutes for EEM) can indicate
environmental effects, a key knowledge gap is our inability to identify the causes o f
toxicity. In addition, field studies have several disadvantages including exposure to
confounding factors in natural waters, inherent variability, high cost, and results that are
not always comprehensible. Thus, it would be beneficial and cost effective to build

2
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mechanistic geochemical models that could provide reliable predictions o f chronic
impacts of mine effluents based on laboratory-based determination o f metal speciation.
Further research in this field is necessary to reduce uncertainties associated with
measuring long-term impacts o f mine effluents. One o f the vital steps to the above
approach is the exploration o f the link between geochemical speciation o f metals and
their bioavailability and toxicity in mining aqueous effluents. Bioavailability refers to the
amount of metal that is available for absorption or uptake at the physiologically active
sites o f the aquatic biota with respect to the actual exposure amount (i.e. it accounts for
the difference between exposure and dose).

The approach taken in this work consisted o f a parallel method o f experimental
determination o f nickel species based on different physico-chemical principles: Ion
Exchange Technique (IET) [5-6] and Competing Ligand Exchange Method (CLEM) [78 ]),

and also by using a computational method (a computer-based speciation code) based

on discrete electrostatic binding called Windermere Humic Aqueous Model (WHAM) [911]. Comparison o f the experimentally determined values o f free nickel ion concentration
(by IET) and labile nickel concentration (by CLEM), i.e. free nickel plus weak
dissociating nickel complexes with those o f the theoretically predicted values (by
WHAM VI) for the Sudbury mining and municipal waters should bring out both the
strengths and weaknesses o f the respective methods. Investigation into linkages, if any,
between metal speciation and the toxicity to aquatic biota was made by studying algal
toxicity in the same effluent samples and comparing the results with those o f the
chemical speciation.

3
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1.2

Objectives: short-term and long-term

The free metal ion concentration is generally considered to be linked to metal
bioavailability and toxicity. However, this relationship has mostly been studied in model
solutions or pristine natural waters. The short-term objective o f this research is to study
linkages, if any, between the metal speciation (free and labile) and its toxicity in mining
aqueous effluents using modem analytical techniques and algal toxicity testing. The long
term objective o f this research is to build the scientific foundation for a predictive model,
such as the Biotic Ligand Model (based on WHAM), for metals toxicity in complex
natural waters such as mining and municipal effluents.

1.3

Outline of the thesis

This thesis comprises seven sections. Section 1 presents the introduction which includes
statement o f the problem, the main objectives and an outline o f the thesis. Section 2
presents the current scientific knowledge in metal speciation and toxicity. Section 3
presents the determination o f free Ni ions using IET, its application to mining aqueous
effluent samples and a comparison o f WHAM VI predictions with the experimental
results. Section 4 illustrates the algal toxicity tests o f the Sudbury mining aqueous
effluent samples, the determination o f labile nickel and copper using CLEM, and a
comparison o f the results with the IET-determined and the WHAM Vi-predicted free
nickel concentrations presented in Section 3. Some highlights o f this study, the final
conclusions drawn from them, and their overall significance are described in Section 5.

4
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Section

6

includes a list o f references. Section 7 is an appendix o f figures not included

the previous sections.
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2
2.1

Scientific Background
Trace metal speciation

Previously, it has been generally held that the total metal concentration is related to the
m etal’s toxic effects. With the available technology, direct determination o f total metal
concentration is a relatively simple task. For example, analytical techniques, such as
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) and Graphite Furnace Atomic
Absorption Spectroscopy (GFAAS), provide reliable determinations combined with
suitable low detection limits for trace metal analysis [12]. However, a consensus has
developed, suggesting that total metal concentration is not a good predictor o f toxicity,
and this has presented a new challenge for environmental scientists [3].

The following factors are involved in metal toxicity to freshwater biota: 1) metal
speciation in the exterior environment o f the organism; 2 ) metal interactions with the
biological membrane that separates the organism from its external environment; and 3)
metal partitioning within the organism [3]. These interactions are the main focus o f
environmental scientists today. This thesis focuses on metal speciation in the exterior
environment and how that may relate to toxicity to aquatic biota.

Metal speciation is defined as the distribution o f an individual metal between different
chemical forms (e.g. free (hydrated) metal ion, inorganic and organic complexes) [13].
Surface waters (freshwaters, estuarine and seawaters), especially the ones in the
neighbourhood o f metal smelters, are representative media o f the chemical complexities
that can exist in the environment which make the task difficult for environmental

7
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chemists. To name just a few, complexities include: wide range o f metal concentrations,
dissolved organic matter o f mainly unknown structure, inorganic and organic colloidal
material, and the presence o f microorganisms which consume and excrete dissolved
chemicals, which are sometimes metal-complexants. Figure 2.1 illustrates the nonbiological processes that determine metal speciation and that are used in mathematical
calculations for speciation modeling [14].

2.2

Nickel in the environment

In the earth’s crust, nickel is found in very low quantities (approximately 0.0099%),
mainly in the form o f sulfide, oxide and silicate materials [15]. However, nickel is now
one o f the most common metals found in natural waters as a result o f its heavy use in
industry. A well-known example o f such a source in Canada is the nickel smelter in
Sudbury (Ontario). Background nickel concentrations in the open ocean water range from
0.2 pg/L to 0.7 pg/L, and from 1 pg/L to 50 pg/L in unpolluted water supplies [15].
However, this could increase by several orders o f magnitude in water sources near rural
and urban environments affected by industrialization. Nickel is currently used in alloys
(stainless steel), electroplating, catalysts, foundries, welding rods and coinage. It is also
employed in electronic equipment, construction materials, aerospace equipment and
consumer goods such as batteries, paints and ceramics [15]. Anthropogenic sources o f
nickel (i.e. manufacturers o f the above listed products) may expose nickel to the
environment through air, soil or water.

8
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Figure 2.1

Interactions o f a metal (Cu2+ as an example) in natural waters.
Adapted from Turner (1995) [14].
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The essentiality o f nickel to aquatic organisms has been studied recently and nickel has
been shown as an essential element for several animals and plants [15-16]; however, its
toxicity is not well known. This is mainly due to lack o f knowledge o f Ni(II)
bioavailability which has been deterred by the absence o f convenient, sensitive methods
for determining concentrations o f bioavailable nickel species in the presence o f natural
organic matter. It is safe to say that the majority o f environmental scientists regard the
hydrated free ion (e.g. Ni2+) as the bioavailable nickel species because o f its ability to
pass through the external membrane o f the aquatic biota [17]. In aquatic systems, nickel
is usually present as the free ion (Ni2+), or complexed with other ions such as hydroxyl
(OH'), sulfate (SO 42'), chloride (Cl"), carbonate (CO 32'), or nitrate (NO 3") [15]. The
presence o f inorganic and organic compounds in the surrounding environment increases
complexation o f N i2+, which may cause it to precipitate out o f solution or adsorb onto
surfaces o f particulate matter, thereby reducing its bioavailability. The physico-chemical
parameters that determine the fate o f N i2+ include: pH, redox potential, temperature, ionic
strength, Ca2+ concentration, complexing and precipitating organic and inorganic ligands,
other cations that compete with binding sites on ligands, insoluble organic or inorganic
matter, and cation exchange capacity [15]; the majority o f these parameters are accounted
for in the WHAM VI, resulting in WHAM V i’s predictive capability.

2.3

Analytical challenges

Quantitative determination o f metal speciation is much more challenging than
determination o f total metal concentration for several reasons, including difficulties in
isolating compounds o f interest from complex matrices; existing analytical techniques

10
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disturb the chemical equilibrium in the sample solutions; many analytical techniques are
not sensitive enough to measure ultra-trace levels o f metals; and standard reference
material suitable for the complex matrices under study are not available [1]. However, the
increased hazards o f trace metals caused by heavy industrialization have promoted
research and development o f improved analytical methods that measure metal speciation.

Several studies in the past two decades have concluded that the bioavailability o f a metal
to an aquatic organism is directly related to the metal’s speciation [17]. Most often, the
metal species that correlated with bioavailability was the free metal ion. Thus, in order to
study the toxicity o f a metal, it is important to determine the free metal ion activity (or
concentration) and any other relevant species such as labile metal complexes [14]. Labile
metal complexes are important because they contribute to free metal ion concentration by
rapid dissociation o f the metal complexes. In fact, some techniques, such as CLEM, are
limited to measuring ‘labile species’ (free-metal ions + weak metal-ligand complexes)
versus ‘non-labile species’ (strong metal-ligand complexes). Concentration o f labile
species is a critical parameter that can be related to toxicity [9].

Measuring free metal ions has proved to be more difficult. In most experiments, free
metal ion activity is calculated based on the known total metal concentration and the
measured variables o f water chemistry (e.g. pH, ionic strength, hardness and DOC).
Currently, techniques that are able to directly determine free metal ion concentration at
trace concentrations are Ion Exchange Technique (IET) combined with ICP-MS or
GFAAS, and Square Wave Anodic Stripping Voltammetry with a Rotating Disk

11
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Electrode (RDE). Ion-Selective Electrode (ISE) potentiometry can measure free ions
directly; however, it has a very limited range o f sensitivity that makes it inappropriate for
low concentrations o f trace metal analysis in natural waters [18]. In this work, the use of
IET for determining free metal ion concentration was investigated because o f the
simplicity o f the approach and the high analytical sensitivity.

A common problem o f speciation analysis is the disturbance o f the chemical equilibrium
state. The greatest potential for this disturbance is during sampling. The various chemical
forms o f a metal (e.g. simple hydrated ions (free), ion pairs, organic/inorganic complex
ions, sorbed on colloidal/particulate material, etc.) co-exist in an equilibrium or quasi
equilibrium state. Thus, during sampling, preparation and storage, the equilibrium may be
disturbed causing a change in the species distribution. For example, during filtration, the
removal of particulate matter may cause disturbance o f the equilibrium. Also, the internal
surfaces o f all glass vessels have ion-exchange properties and tend to adsorb dissolved
metals. Acidification o f the samples minimizes the adsorption by the internal surface of
the vessels because the H+ ions o f the acidified water cover all the internal surface o f the
storage vessels, resulting in their surface charges being completely satisfied by the H+
ions o f the acidified water; however, it may also cause dissociation o f certain complex
species [19]. Consequently, it is important to combine speciation analysis with toxicity
studies for a better understanding o f their relationship. Since bioassay toxicity study has
its own challenges and can be relatively time consuming and expensive, predictive
computer speciation models, such as the Biotic Ligand Model (BLM) [17], are useful
tools in the assessment and are attracting the interests o f many environmental scientists.

12
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2.4

Interactions between trace metals and aquatic organisms

One of the challenges faced in studying toxicity o f metals in natural waters are the
laboratory bioassay tests. Results o f bioassay tests for a metal can vary widely between
different biota species. Hence, this complicates the establishment o f water quality
standards and deters confident application o f the set criteria. Organisms used for the
bioassay tests are usually cultured in standard waters with a chemical composition that
may be significantly different from the test water. Thus, the organism is then forced to
adapt to a completely new environment presented by the test water and this adaptation
has been shown to affect the observed toxicity. In fact, toxicity tests performed in
laboratory waters were observed to vary greatly from those done in natural waters [2 0 ].
Many times, this is due the level o f DOC in natural waters. Natural waters tend to contain
higher DOC levels than the laboratory water, thereby increasing metal complexation and
reducing bioavailability and toxicity.

Studies show that water chemistry has a major effect on the toxicity o f a metal. The
toxicity o f the dissolved metals is mainly affected via two pathways: either by blocking
physiologically relevant Ca 2+/Na2+ uptake or by affecting metal speciation. Some o f the
factors o f water chemistry found to affect bioavailability o f a metal are water hardness,
pH and dissolved organic carbon (DOC) [21]. Hardness is a measure o f the presence o f
major cations such as calcium and magnesium. Calcium ions are special in that they are
physiologically essential to aquatic biota. An increase in the calcium ion concentration
(i.e. hardness) will allow calcium ions to dominate the competition with metals for the
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binding sites on the organism (surface functional groups that act as ligands) [17]. Thus, it
will interfere with the organism’s uptake o f potentially toxic metals, resulting in a
decreased toxicity for the same total metal concentration. Many metals such as Cd and
Zn are toxic to aquatic biota because o f their interference with the organism’s ability to
uptake calcium. Metals such as Al, Cu, and Ag can cause toxicity by interfering with
sodium uptake o f the organism. For fish, this interference with ionic regulation occurs in
the gills [2 0 ].

High pH levels favour the formation o f metal hydroxides. When hydrolysis does not
occur, the binding of metals with humic substances (HS) and carbonates is enhanced at
high pH, because more functional acidic groups o f HS are ionized at higher pH, creating
more negative sites on HS for binding metal cations. This is consistent with the fact that
metal cations and protons compete with ligands for bindings sites. At high pH, protons
bound to humic substances will dissociate, creating an increased availability o f binding
sites for metal cations [11]. Overall, the effects o f high pH result in reduced activity
(concentration) o f free cupric ion, and hence, bioavailability and toxicity to biota is
decreased.

Dissolved organic carbon (DOC) in freshwaters mainly includes HS. HS are produced
either by leaching o f soil organic matter or by excretion o f organic material from aquatic
biota. In addition to their large size, HS contain multi-functional binding sites, most
importantly, carboxylic and phenolic functional groups, which lose protons at pH > 7,
and/or bind metal ions (Figure 2.2) [22]. Caboxylic groups are commonly more prevalent
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Figure 2.2

Tentative structure o f humic acid as proposed by Schulten and Shnitzer
(1993) [22],
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than phenolic ones in HS [14]. Humic substances (HS) can be divided into three
operationally-defined fractions; fulvic acid (FA), humic acid (HA), and humin. FA is
soluble in acidic and alkaline solutions; HA is soluble in alkaline solutions but
precipitates at pH lower than 2; and humin is insoluble in water at any pH [2], Generally,
FA and HA are the humic substances that are active in aquatic systems. FAs are smaller
in size than HAs. The importance o f HS is that they can bind trace metals and help
decrease their bioavailability and toxicity to aquatic biota. Hence, an increase in LC 50
(defined as the sample concentration to kill 50 % o f the biota) values will be observed
with the increase in [DOC].

2.5

Predicting metal speciation: Windermere Humic Aqueous Model

Modeling chemical speciation is a critical step in understanding metal speciation and
bioavailability in freshwater systems. Earlier, speciation models only considered the
effect o f hardness. Later, pH, ionic strength, humic substances and other critical factors
were also included. Several speciation models exist today (e.g. MINTEQA2,
GEOCHEM, and the Consistent Non-Ideal Competitive Adsorption (NICCA)-Donnan
Model). However, one o f the most popular models is the equilibrium-based computer
speciation model, Windermere Humic Aqueous Model (WHAM), versions V and VI,
which was specifically designed to account for metal interactions with humic substances
[11]. WHAM correctly describes FA and HA while models such as GEOCHEM and
MINTEQA2 do not and are hindered by limited databases used for the predictions.
WHAM and the NICCA-Donnan Model have been tested on numerous datasets from
various scientists and are widely used chemical speciation models. WHAM is the
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preferred model o f the two because o f its comprehensive approach for modeling ion
binding in freshwaters [9].

The history o f WHAM began in 1994, when Tipping developed the model using
assumptions o f site-specific electrostatic binding and a collection o f sub-models that were
calibrated with the literature data [10]. A relatively recent comparison o f the measured
labile metal concentration and the WHAM predicted [Mn+] in metal-impacted natural
waters o f Quebec, Canada, by Guthrie et al. [9] showed good correlation between the
WHAM predictions and the measured values. Use o f the model involves a data file that is
entered into the model, which includes total concentrations o f all reactants involved. The
WHAM database comprises a set o f reaction stoichiometries and equilibrium constants
from reliable literature sources. There also exists an option to update the dataset to match
up-to-date standards such as the log K values established by NIST [11], Using the given
information (e.g. pH, total metal concentrations, dissolved anions and cations, and
“active” DOC), the model could calculate the concentration o f individual species such
that the mass balance o f each element is satisfied. If not known, the pH could be
calculated by WHAM such that the charge balance is satisfied. WHAM achieves
adequate predictions for interactions involving high cation concentrations. However, it
likely underestimates the extent o f cation binding to rare, strong sites in humic matter
[Hi-

One o f the major problems o f WHAM is the need to input “active DOC” concentration
(i.e. the portion o f HS that forms complexes with the metals under the investigation).
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This is a critical parameter since it determines the number o f binding sites available to
metals. However, the value o f “active DOC” is rarely known and must be estimated to
get the best fit (e.g. 50-80%). Another important point to keep in mind is that WHAM
was designed to calculate speciation at chemical equilibrium for metals in complex
systems such as surface and ground waters, sediments, and soils [9], which are not really
at chemical equilibrium. Additional source o f error in WHAM may be the information in
the database or the input data, which are both subject to analytical and experimental
errors. Nevertheless, WHAM is one o f the most useful predictive tools available today
for metal speciation. Its popularity had initiated its incorporation in a predictive model for
toxicity, the Biotic Ligand Model (BLM). The BLM will be discussed further in the next
section.

2.6

Predicting metal toxicity: Biotic Ligand Model (BLM)

During the past two decades, environmental scientists have made considerable progress
in improving our understanding o f metal speciation and its relationship to toxicity, and in
developing models that accurately predict trace metal toxicity. Much effort has been
made to test the hypothesis that the free metal ion is directly related to bioavailability. A
critical review by Campbell (1995) [3] reported that the majority o f the studied cases
conform to the Free Ion Activity Model (FIAM) hypothesis, and this has promoted global
interest in this topic [23].

Progress towards the free metal ion concept began in the seventies, when scientists
demonstrated that the free metal ion activity, specifically o f the cupric ion, was a better
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indicator o f toxicity than the dissolved total metal concentration [24]. Reduction in
toxicity as a result o f competition o f hardness cations (Ca

■y,

and M g ) with metal ions for

binding sites on the organism was also identified [25-26]. These studies, along with those
o f Pagenkopf et al. [27] resulted in the formulation o f a chemical equilibrium model to
describe the effect o f water chemistry on metal speciation and toxicity and marked the
advent o f the metal bioavailability era.

A significant advancement was made in 1983, when Morel proposed a theoretical scheme
by his FIAM [28] which incorporates interactions between the metal and organism based
on a general chemical equilibrium principle. FIAM also incorporates binding o f free
metal ions and other metal complexes to cellular binding sites in competition with other
cations such as protons and hardness cations (Ca2+ and Mg2+ ions). The major
shortcoming in M orel’s depiction o f FIAM was the lack o f details on how it may be
applied in practice. This was satisfied by Pagenkopf and colleagues who proposed the
Gill Surface Interaction Model (GSIM) at about the same time as FIAM was proposed
[29]. The GSIM allowed for an interpretation o f toxicity test results for both individual
metals (e.g. Cd, Cu, Pb, and Zn) and metal mixtures in fish. Approximately 10 years
later, Playle et al. [30-32] provided additional information on the effect o f anionic
complexation and competition with other cations on trace metal binding to fish gills.
These data were later integrated with toxicity data by Di Toro et al. [33], who developed
an early version o f the Biotic Ligand Model (BLM) to predict the acute toxicity o f copper
and silver to several freshwater biota.
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The BLM ’s popularity has been extended to freshwater resources regulatory systems.
Recently, the U.S. EPA has incorporated the BLM into their Water Quality Criteria
(WQC) development for copper [34], Prior to BLM ’s integration, the freshwater copper
criteria recommendations involved a hardness-dependent value. The BLM ’s role was to
improve the criterion by including other critical water chemistry factors that are known to
affect toxicity. Most importantly, BLM includes the metal complexation role o f dissolved
organic carbon (DOC) and inorganic ligands, the competitive interactions at the site of
toxicity (i.e. biotic ligand), and the effect o f pH, all o f which were not accounted for in
the hardness correction method. However, the use o f BLM means that a single WQC
cannot be used for comparison purposes. Thus, it will depend on the judgm ent o f the
regulatory agency’s personnel to decide if the criteria will provide the expected level o f
protection [34]. Other countries are following suit. For example, regulators in Australia
and New Zealand, and the European Union (EU) have approved the incorporation o f the
BLM in their regulatory system. In addition, Environment Canada and the Canadian
Council o f Ministers o f the Environment (CCME) have decided to integrate the BLM
approach into the development o f Canada’s water quality guidelines for metals [35].

Figure 2.3 illustrates the water chemistry factors that are considered in BLM to affect
bioavailability, using fish as an example. As is evident in the diagram, hardness directly
affects bioavailability by competing with the free metal ion (Me2+) for the binding site in
organism (e.g. gill in fish). Note that H+ ions also directly compete with the metal ion for
binding at the gill. Thus, at very low pH levels, significant competition between H+ and
Me2+ may exist, resulting in reduced bioavailability. However, a very low pH level such
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as pH o f 2 is not relevant for natural waters because natural waters usually have pH o f 6 8.

The more probable case is pH levels above 5 where an increase in pH reduces the

bioavailability o f the metal because o f increased formation o f metal hydroxides, and
enhanced metal complexation with humic substances and carbonates [17]. Other factors
such as presence o f organic and inorganic ligands, indirectly affect bioavailability by
binding free metal ions, thereby preventing them from binding to the fish gill.

The initial stages o f BLM testing were focused on its application for Cu toxicity in fish
(e.g. Fathead Minnow). BLM accurately predicted Cu toxicity for various studies
performed in different laboratories with different water chemistry [17]. BLM was also
tested on Ag toxicity in various fish species [17]. BLM proves to be promising for future
use as a toxicity model for water quality regulation.

In summary, BLM is a mechanistic biogeochemical model which is applied for setting
site-specific acute water quality criteria [21]. However, not much is known about the
relationship between the metal speciation and its toxicity. Also, the current BLM does not
account for impacts o f multiple metal exposure systems, such as mining and municipal
aqueous effluents, where the mode o f action differs, nor does it account for the effects of
anthropogenic ligands. Thus, integrating the ability o f chemical speciation and BLM
modeling to identify cause will help focus mitigation efforts for reducing environmental
impacts and will be a significant advance for environmental risk assessment.
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BLOOD

3. Determination of free nickel ion concentrations using
the Ion Exchange Technique (IET) in aqueous
mining and municipal effluents: Comparison of the
IET results with the WHAM VI predictions
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3

3.1

Determination of free nickel ion concentrations using the Ion
Exchange Technique (IET) in aqueous mining and municipal
effluents: Comparison of the IET results with the WHAM VI
predictions
Introduction

Nickel and other trace metal concentrations in natural waters are regulated by processes
such as atmospheric precipitation and weathering o f soils and bedrocks. However, these
processes have been considerably altered by human activities, which have resulted in
increased flux and distribution o f trace metals in most freshwater systems [1]. Largely,
these changes are contributed by industrial and domestic wastewaters, sewage discharges,
and municipal water run-off. A well-known example o f a nickel contamination source is
the nickel smelter in Sudbury (Ontario, Canada). The essentiality o f nickel to aquatic
organisms has been studied recently [16]; however, its toxicity is not well known. This is
mainly due to lack o f convenient, sensitive methods for determination o f the nickel
speciation in environmental samples containing appreciable concentrations o f dissolved
organic matter.

Metal speciation, defined as the quantitative distribution o f an element (e.g. a metal)
amongst its free and complexed forms, profoundly affects metal bioavailability and
toxicity to aquatic organisms [13,37]. Over the past two decades, many papers have been
published on metal speciation in aquatic systems. These publications have mainly
focused on the measurement o f labile metals using methods such as Diffusive Gradients
in Thin Films Technique (DGT) [38-41], Competing Ligand Exchange Methods (CLEM)
[1,7,8,42], and, with the exception o f the Donnan membrane technique [43], which also
measures free metal ion concentration. Although labile metal species may be indicators
24
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o f metal bioavailability [8 ], the free metal ion concentration is generally considered to be
a better predictor o f bioavailability [28]. The core assumption o f the Free Ion Activity
Model (FIAM) is that metal bioavailability is under thermodynamic control. This
chemical equilibrium basis assumes that the rate o f metal uptake across a cell surface is
comparatively slow relative to the rate o f diffusion to the cell surface, and the surfacebound metal rapidly comes into pseudo-equilibrium with the metal in the bulk solution
[44]. Exceptions to this assumption were rare; in fact, 52 out o f 59 cases conformed to the
assumption [3] and validated the applicability o f FIAM. This initiated a global interest in
computer speciation models that predict bioavailability based on FIAM concepts.
Recently, the Gill Surface Interaction Model (GSIM) [29] has been combined with FIAM
concepts to form the Biotic Ligand Model (BLM). The BLM proposes that toxicity is due
to accumulation o f metal at physiologically active sites such as the gill in fish. A
comprehensive study by MacRae and co-workers [45] with rainbow trout (Oncorhynchus
mykiss) clearly illustrated a direct relationship between copper accumulation at the fish
gill and mortality. This work demonstrated that BLM is a better indicator o f toxicity than
FIAM alone, especially when water hardness varies. In any case, it is the free metal ion
that binds to physiologically active sites and hence, when determined along with other
water chemistry factors such as hardness and pH, the free metal ion concentration is an
important indicator o f metal bioavailability in aquatic systems.

Dissolved Organic Carbon (DOC) is ubiquitous in the aquatic environment. In general,
the major component o f DOC is humic substances (HS) (approx. 50 - 90 % o f DOC). HS
play a significant role in metal bioavailability by complexing metals and constraining
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their availability to aquatic biota. HS, by forming dissolved complexes o f metals, prevent
precipitation o f metals and control their speciation and transport [47], HS-metal
complexation is affected by factors such as charge, binding sites distribution, variable
reaction stoichiometry and competitive nature o f the ion binding [39]. According to a
new view o f humic substances recently proposed by Sutton and Sposito [48], humic
substances are collections o f diverse, relatively low molecular mass components forming
dynamic associations stabilized by hydrophobic interactions and hydrogen bonds. These
associations are capable o f organizing into micellar structures in suitable aqueous
environment. In general, metal complexation depends on the metal, the nature o f the
DOC, and on competition between all metals. Hence, there is a need to investigate metalDOC complexation using different analytical techniques and the need for rapid and
accurate determination o f free metal ion concentrations.

Previous reports indicate that the Ion Exchange Technique (IET) provides an estimate o f
free metal concentrations o f Cd, Cu, Pb and Zn in controlled solutions and in the
presence o f dissolved organic matter [6,49-50]. Ge and co-workers [50] have also found
that the results o f the IET were comparable with those o f Ion Selective Electrode (ISE)
potentiometric measurements o f copper, and with those o f Anodic Stripping
Voltammetry (ASV) measurements o f Cd and Pb in lysimeter soil solutions from forest
floors contaminated by trace metals. In addition, IET determinations have been related to
toxicity tests. For example, Vigneault and Campbell [51] used free cadmium ion
concentrations determined by IET to study the effects o f pH and humic substances on the
uptake of Cd2+ by freshwater algae. Worms et al. [52] used IET to study nickel uptake by
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algae in the presence o f various ligands forming hydrophilic and amphiphilic nickel
complexes. However, the applicability o f IET to real freshwater samples containing
dissolved organic matter, particularly mining and municipal aqueous effluents, has
seldom been studied. With its high analytical sensitivity and lack o f lengthy, complex
sample preparations [50], IET offers advantages over other methods. Additionally, IET
measurements are less likely to be affected by interference from absorption o f Dissolved
Organic Carbon (DOC) [6 ]. Since IET measures free ion concentrations directly, it is
more reliable than interpretive methods that calculate free metal ion concentration based
on models and alternative speciation parameters such as stability constants. However,
like other analytical techniques, IET also has its disadvantages. It must be used in
combination with an analytical instrument and as a result, is limited by the instrument’s
sensitivity and detection limit. Also, the system reagents must be ultrapure in order to
minimize errors when working in trace level conditions (e.g. 10' 9 -10' 10 M) [36]. There
have also been some reports o f interferences caused by adsorption o f neutral and other
cationic species to the ion-exchange resin [6,54]. However, because o f the simplicity o f
the IET approach, it offers possibilities o f wider and better applicability to freshwaters.

3.2

Objectives

The objective o f this work was to study nickel speciation using IET in mining and
municipal aqueous effluent samples and in model solutions containing natural organic
matter. In addition, a comparison o f experimentally validated values o f free metal ion
concentration by IET with those o f the theoretically predicted values by WHAM VI was
undertaken. The purpose was to validate both the IET determination and the WHAM VI
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prediction o f free nickel ion concentration, primarily because WHAM VI is a major
component o f the BLM, and the latter is being considered for inclusion in regulatory
framework in North America and Europe.

3.3

Theory of IET

IET involves a simple theory in which the ions in the sample solution exchange with ion
exchangers o f complex-forming resins. For cation exchange, the most selective resins are
composed o f sulphonic acid anion (S O 3- ) binding sites (a strong acid type resin). Table
3.1 presents the properties o f a widely used strong acid type cation resin, Dowex™ 50WX 8 [55],

It is well known that a resin has affinity for higher charge (i.e. bivalent ions versus
monovalent ions). However, selectivity is also a function o f ionic strength and pH. Aside
from the selectivity, another factor that affects the effectiveness o f ion exchanger resin is
the number o f binding sites available on the resin in which the distribution coefficient
(distribution o f metal between resin and sample) increases proportionally with the surface
area o f resin beads [ 1 ].

In general, the process o f IET involves passing the sample solution through a strongly
acidic cation exchange resin in the sodium form until the metal ions in sample reach
equilibrium with the resin (i.e. influent and effluent concentrations o f the test metal are

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 3.1

Properties o f Dowex™ 50W-X8, a widely-used cation-exchange resin for

determination o f free metal ion concentration*.

Properties

Description

Resin

Dowex™ 50W-X8

Usual form when purchased

A ryl-S0 3 -H+

Thermal stability

Good up to 150°C

pH range

0 -1 4

Exchange capacity

4.8 mequiv/g o f dry resin

Resin selectivity for cations

H+>Na+>Mg 2+>Zn 2+>Cu 2+>Cd 2+>Ni 2+>Ca 2+>Pb2+

* adapted from Sigma-Aldrich Corporation (2007) [55]
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equal). As a result, the concentration o f metal adsorbed to the resin can be related to the
free metal ion concentration [53].

In order to apply IET, three assumptions are made; 1) the sample and the standard are
swamped with the same “electrolyte” (e.g. NaNC^) to achieve the same bulk ionic
strength; 2 ) trace conditions are met (i.e. the number o f resin binding sites are much
greater than the Mn+ in sample, which occupies less than 1% of the resin sites); 3) Mn+
species are the only species o f the sample metal that will bind to the resin [5].
Assumption 1 can be ignored if samples are o f high ionic strength since the method can
be calibrated for a matrix o f varying salt composition [56]. The second assumption can be
easily fulfilled by analyzing the eluant for the counter-ions (e.g. [Na] »

[M]).

Deviations from assumption 3 are possible because cationic complexes o f nickel
•

•

2d"

possessing equal or lower charge than the free-metal ion, such as NiL+ and Ni(NHs)x ,
will undergo ion exchange. However, assumption 3 is common to all ion exchange
speciation methods when applied to real samples, which usually have a composition that
is difficult to define in its entirety. Also, the assumption is likely to lead to fairly small
errors for two reasons. First, in complex aqueous samples such as mining effluents, the
principal ligands are likely to be poly dentate and/or to carry a multiple negative charge at
pH levels greater than 7. Examples o f such ligands include humates, nitrilotriacetate,
phosphate, carbonate, and peptides, which are all common in aqueous effluent samples.
Consequently, cationic metal-ligand species are unlikely to represent a significant
fraction of the measured free metal concentration, except in unusual samples containing

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

high concentrations o f neutral ligands such as NH 3 . Typically, NH 3 in natural waters are
<10 ' 5 M and should not affect IET determinations (46). Second, the resin binding site
generally has a lower affinity for species o f lower charge (e.g., for NiL+ compared to
Ni2+), especially at low ionic strength [5]. In fact, evidence exists in the literature
demonstrating the resin’s (sulphonic acid group) higher selectivity for free ion in the
presence o f other cation-chloride complexes [6,54]. Assumption 3 is important in IET
because it allows the use o f a simple mass balance equation.

A normal ion exchange reaction o f a free metal in solution with a resin site saturated with
sodium can be represented as:
M n+ + nRNa\

>R ,M + nNa+

(1)

where Mn+ represents free metal ion in solution (aqua complex), n is its charge; and R is
the resin binding site. K ie, the ion exchange reaction constant, is defined as:
M

f f r

(2)

[M"+][RNa]"
The square brackets [], indicate that concentration units o f the various species will be
used in the calculation rather than the thermodynamic activities (based on assumption

1

o f constant ionic strength).

Based on the above equilibrium and K iE (Equations 1 and 2), the distribution o f the metal
between resin and sample, known as the distribution coefficient (X), is as follows:
.

_

[RNa]n _ [R„M]
(3>
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where a standard o f known [Mn+] without the ligands is used, at constant ionic strength
and pH. The distribution coefficient can be considered constant if Na+ or another
counter-ion is maintained at suitably high concentrations. The result will then be a simple
relationship between the free-ion concentration in the original solution and the total metal
adsorbed on the resin.

The concentration o f metal bound to resin, [R„M], with a resin mass (mr) can be
determined experimentally by eluting the metal bound by the resin with a volume (V) of
strong acid (1.5 M HNO 3) and measuring [M]Eiuant, the concentration (M) o f metal in the
eluant. The equation is as follows;
[ R nM J = f M E l u e n t J x V
mr

(4)

Combining and rearranging o f equations 3 and 4 will give the free metal ion
concentration, [Mn+] as follows;
j- \ f n+J = t ^ E l u e n t ] ^
^0,i,pH x m r

(5)

The distribution coefficient is easily determined for a constant resin mass and elution
volume by running a standard solution o f known [Mn+] through the column until steadystate is reached (i.e. [M]jn = [M]out)- At that point, the total metal concentration in
solution remains the same during the passage o f any additional volume o f sample through
the ion exchange resin bed which means that the chemical equilibrium has been
established. This same concept can be applied to the sample solution being passed
through the column until steady-state is reached. The concentration o f metal adsorbed by
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the resin can be determined, and X can be calculated for the specific pH, ionic strength
and counter-ion used for the above determination:
i

_

AQ ,i,pH ~

P

[ MEluent]x ^
ZZ-----------

W

[ M n+] x m r

Once a distribution coefficient specific to the metal o f interest has been determined,for
the relevant concentration and nature o f the electrolyte and for the pH o f the solution, one
can easily calculate [Mn+].

3.4

Experimental section

3.4.1 Materials and reagents
All solutions were prepared with ultrapure water (resistivity 18.2 MQ-cm) which was
obtained direct from a Nanopure Diamond purification system (Bamstead, USA) fitted
with a purifying column to remove organic matter. A standard solution o f Ni(II) was
prepared by dilution o f 1000 mg/L high-purity nickel aqueous standard (ICP grade, SCP
Science). This standard was used to prepare working standards by serial dilution and
acidification o f the diluted standards to contain 1% (v/v) ultrapure nitric acid (Baseline,
Seastar Chemicals) in order to prevent metal loss by adsorption on the container walls. A
stock solution o f 2 M sodium nitrate (supporting electrolyte) was prepared by dissolving
sodium nitrate (puriss. p.a. Reag. ACS, Riedel-de Haen) in ultrapure water. This sodium
nitrate solution was further purified by the following procedure [6 ]: 40 g o f Chelex-100
resin in the sodium form (Bio-rad) was added to 1 L o f 2.0 M NaNC>3 solution (pH 7),
and the mixture was left to stir gently for at least 48 hours for equilibration before
filtering through a 0.45 pm (Millipore) cellulose filter paper. The filtrate was stored at
room temperature. A stock solution o f 2 M sodium acetate solution was prepared by
33
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dissolving sodium acetate trihydrate (ANALAR, EMD) in ultrapure water. A 0.1 M
sodium hydroxide solution was prepared by dissolving sodium hydroxide pellets (puriss.
p.a. Reag. ACS, Riedel-de Haen) in ultrapure water. Ultrapure nitric acid (Baseline,
Seastar Chemicals) was used to prepare a 1.5 M HNO 3 solution for elution o f metals from
the resin.

The Laurentian Fulvic Acid (LFA) was purchased from Fredriks Research Products (The
Netherlands) in the freeze-dried form. The LFA was derived from a podzol collected
from the Laurentian Forest Preserve o f Laval University, Quebec, Canada. This well
characterized fulvic acid (LFA) has been certified to contain 11.6 mmol/g o f carboxylate
and phenolate groups and its elemental analysis is C 45.14%, H 4.11% and N 1.07% [57].
The cationic resin was purchased from Sigma (Dowex™ 50W-X8, 50-100 mesh,
analytical grade). The pH o f samples was measured using an Accumet 20
pH/conductivity meter (Fisher).

3.4.2

M odel solutions

A 1.0000 g/L stock solution was prepared by dissolving 1.0000 g o f freeze-dried LFA in
ultrapure water. Model solutions o f combinations o f 1 x 10"3, 1 x 10'2, or 2 x 10' 2 g/L of
LFA with 2 x 10'8, 1 x 10'7, or 2 x 10' 7 M Ni(II) were prepared individually (separately)
in ultrapure water. The ionic strength o f the model solutions were adjusted to 0.2 M using
2 M sodium nitrate supporting electrolyte solution. The solutions were pH-buffered with
0.01 M sodium acetate using the 2 M sodium acetate stock solution. The pH was adjusted
to 5.5 ± 0.1 with 2 M nitric acid and 2 M sodium hydroxide. These solutions were left
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standing for a minimum o f 3 days to allow for equilibration o f Ni(II) with LFA because
this reaction is slow to reach equilibrium; finally, the pH was re-adjusted to 5.5 ± 0.1, if
necessary. All tests were done in triplicate and changes in pH o f the test solutions
between the beginning and the end o f the experiment were found to be < ± 0.5 pH units.

3.4.3

Mining and municipal aqueous effluent samples

The mining and municipal aqueous effluent samples were collected in May 2006 from
several sampling sites in the Sudbury area. The aqueous effluent samples were collected
from discharge points o f Crean Hill Mine, Garson Mine, Whistle Mine, Copper Cliff
Waste Water Treatment Plant, Nolin Creek Waste Water Treatment Plant, and Sudbury
Municipal Waste W ater Treatment Plant. A 0.45-pm membrane filter (AquaPrep™ 600
Capsules, Pall Corporation) was used to separate particulates from dissolved species in
the water samples. This filter is made o f mixed cellulose esters and has the advantage of
providing filtrates having low blanks for the metals. Before the beginning o f the test, the
pH o f the samples was re-checked. If a pH was significantly different from its original pH
(the pH measured at the time o f the sample collection), it was re-adjusted to the original
pH using 2 M nitric acid and 2 M sodium hydroxide.

3.4.4

Ion Exchange Technique (IET)

A column ion exchange technique was used to determine the [Ni2+]. The micro-column
was composed o f Teflon tubing (3 mm internal diameter, 3 cm long), in which 7.8-8.0
mg (dry weight) o f resin (Dowex™ 50W-X8) was trapped by two pieces o f porous
polyethylene discs that was fitted into polypropylene Luer tips (both supplied by Kimble
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Kontes). The miniature column was fitted within the Biologic LP Chromatography
System (Bio Rad). Figure 3.1 shows an illustration o f the general experimental design
that was used for IET.

The following is a step-by-step description o f the optimized procedure that was used for
every sample; (Note: Steps 1-6 were entered into the automated system and all steps were
run at a flow rate o f 5 mL/min unless indicated otherwise); 1) The resin was washed for 4
minutes with nanopure water; 2) The resin was converted from protonated form to
sodium form by running 0.1 M NaOH for 2 minutes (Na form is highly selective for
divalent cations); 3) To remove excess NaOH from system, the resin was washed with
nanopure water for 4 minutes; 4) The system was pumped for 3 minutes with a
supporting electrolyte solution o f concentration and pH matching that o f the sample
solution; 5) The sample solution was passed through for 18 minutes to equilibrate the
sample with the resin; 6 ) The excess sample solution was washed out with nanopure
water for 1 minute; 7) The metal bound to the resin was eluted with 2 mL o f 1.5 M nitric
acid at 0.50 mL/min flow rate (preliminary studies had shown that 2 mL was sufficient to
elute all metal bound to resin if the mass o f resin was between 7.8-8.0 mg); 8 ) Finally, the
[N i(I I )]totai

in eluant (representing [Ni2+] bound to resin) was analyzed. Note that at the

beginning o f each experiment, a blank solution (matrix components) was run through the
system and its value was subtracted from the subsequent samples only if any significant
levels o f nickel were found in the blank solution.
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All sample containers were made o f Teflon and were pre-cleaned by soaking in 10%
HNO 3 (AR grade) for 1 week at room temperature, followed by a 5 time rinse with
ultrapure water. The containers were kept filled with ultrapure water until used [58].

3.4.5

Graphite Furnace Atomic Absorption Spectrometry

Graphite Furnace Atomic Absorption Spectrometry (GFAAS) was used for quantitative
determination o f [ N i]totai because o f the high sensitivity, accuracy and applicability of
GFAAS to samples o f high ionic strength (i.e. containing large amounts o f solids), and
low pH. Perkin-Elmer AAnalyst 600, fitted with Zeeman background correction system
and transversely-heated graphite atomizer (THGA), was used. The instrument was
equipped with an AS-800 autosampler and THGA graphite furnace; THGA graphite
tubes (Perkin-Elmer) which were pyrolytically coated and contained integrated L ’vov
platforms were used. Each determination included a clean-up step where the graphite
tube was heated at 2450°C for 5 sec. During the drying, pyrolysis and clean-up steps, the
internal argon gas was passed through the furnace at 250 mL/min, but was interrupted
during the atomization step. The signal was measured in the peak area mode and the
concentrations were determined by using an analytical calibration curve.

3.4.6

QA/QC

To achieve quality control, the analysis schedule included a blank for every fifth sample,
and a Certified Reference Standard (NIST #1640) was run at midway and near the end of
the run. If a difference o f >10% from certified value was observed, the selected set of
samples were re-analyzed. All samples were analyzed in quadruplicate and the mean was
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used in the data analysis. The relative standard deviation among replicate determinations
was typically <5% .

3.4.7

WHAM VI calculations

The computer program, WHAM version 6.0, was used to calculate the speciation o f
Ni(II) in model solutions containing Laurentian Fulvic Acid. WHAM had been designed
to calculate equilibrium speciation o f metals in complex systems such as sediments, soils
as well as surface and ground waters [10]. It was found to be useful for systems
containing humic substances, such as humic acid (HA) and fulvic acid (FA), which had a
major effect on metal speciation. The thermodynamic formation constants in the WHAM
program were updated with the recent NIST Standard Reference Database [59] and listed
in Table 3.2. The ionic strength correction was carried out in WHAM VI for metal
standards used to calibrate IET (determination o f distribution coefficient).

3.5

Results and discussion

3.5.1

GFAAS: Optimization o f the graphite furnace program fo r nickel determination

GFAAS was chosen for quantitative determination because GFAAS was least affected by
matrix effects. GFAAS is well-known for tolerating samples o f high ionic strength (such
as 0.2 M sodium nitrate) and is applicable to highly complex samples like aqueous
mining effluents [12]. The furnace program for GFAAS was optimized for each sample.
Table 3.3 summarizes the optimized graphite furnace program for samples having a pH
as low as 5.5 and an ionic strength as high as 0.2 M. The pyrolysis temperature (1200°C)
and the
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common

0.1M
NaOH

Pum p

5. Elution with acid (H N 0 3)

0.2M
NaNO
Microcolumn
(~3 cm long)
(7.8 - 8.0 mg o f Dowex)

S am p le =
M-LFA + NaNOs
+ pH buffer

Figure 3.1

Illustration o f the experimental design for the micro-column Ion Exchange
Technique.
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Table 3.2

Formation constants used to calculate free nickel ion concentration.

Reaction

Log K*

N i2+ + H20 <-►NiOH+ + H+

4.1

N i2+ + 2H20 <-*• Ni(OH ) 2 + 2H+

9

N i2+ + 3H20 «-*■Ni(OH)3' + 3H+

12

4Ni2+ + 4H20 <-►Ni 4 (OH)4' + 4H+

28.3

N i2+ + N 0 3‘ <-> N iN 0 3+

0.4

N i2+ + 2 N 0 3‘
N i2+ + C1‘

N i(N 0 3)2+

-0.5 (2M)

NiCl+

-0.45

N i2+ + CH 3COO' <-►NiOOCCH3+

1.44

N i2+ + 2CH 3COO' ~ Ni(OOCCH 3) 2

2.4

CH3COOH ^ CH3COO + H+

4.757

* Ionic strength = 0 M; and the formation constants were corrected for the effect o f the
ionic strength using WHAM VI.
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Table 3.3

Optimized furnace instrumental operation program for determination of

nickel in acidic solutions o f high ionic strength (up to 0.2 M) by graphite furnace atomic
absorption spectrometry (Perkin Elmer AAnalyst 600).

Step

Description of
step

Temp
(°C)

Ramp
Time

Hold
Time

Internal
Flow

Gas Type

_________________________________________ (s)__________(s)_____________________________

1

Initial Drying

110

5

30

250

Normal

2

Second Drying

130

5

30

250

Normal

3

Final Drying

350

15

20

250

Normal

4

Pyrolysis

1200

10

30

250

Normal

5

Atomization

2300

0

5

0

Normal

6

Cleanout

2450

1

5

250

Normal
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atomization temperature (2300°C) were chosen based on the best signal-to-noise ratio
(see Figures 7.1 and 7.2 in Appendix) and the completeness o f atomization. The high
ionic strength o f the IET samples (i.e. high solid contents) created a new problem,
resulting in very spiky, disfigured Ni peaks. The spiky peaks were indicative o f multiple
deposition o f material on the graphite tube caused by either poor positioning o f the
sampler or splattering (the latter was the more likely cause). Since the boiling point of
NaNC>3 is 380°C, it decomposes explosively when heated at temperatures greater than
538°C [60]. The "explosions" are likely to occur during the pyrolysis step, splattering the
solution on the graphite tube, hence the spikes in the transient readout. In order to control
the removal o f the Na compounds, a step at 350°degrees (hold time o f 20 sec) was added.
In addition, the clean-out step was increased from 3 to 5 sec in order to ensure complete
removal of the residue.

3.5.2

Calibration o f the column IE T

An essential step in calibration o f IET is determining the volume o f sample needed for
the metal (or metals) o f interest to equilibrate with resin. This can be determined in two
ways: Method 1 is to conduct individual IET experiments, in which varying volumes o f
sample solution o f known total metal concentrations are run (Figure 3.2a); Method 2 is to
conduct a single experiment, in which the sample solution o f known total metal
concentrations is passed through the column and subsequent fractions o f the direct
effluent are collected for total metal analysis (Figure 3.2b). In Method 1, chemical
equilibrium is attained when the concentration o f metal extracted from the resin for the
various sample volumes reaches a plateau (i.e. ion-exchange equilibria). When Method 2
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is used to determine steady-state, theoretical equilibrium is reached when the effluent
concentrations is similar to the influent and is also indicated by a plateau in the metal
concentration [5]. The plateau is indicative o f equilibrium between the resin and the
unperturbed sample solution since the sample in contact with the resin will not have any
further free metal ions removed from its labile complexes. Thus, passage o f more sample
solution through the resin will make no additional change. Both experiments indicated
that a plateau was reached at a sample volume o f 80 mL. Hence, all IET experiments in
this study were run with 90 mL o f sample loading onto column. However, the last 15 mL
o f effluent for each sample were collected and tested to ensure that equilibrium was
attained as expected. It is interesting to note that literature on IET, using similar
conditions (especially resin mass) but testing metals other than nickel, reports that only ~
20 mL o f sample volume is required to reach steady-state [6,50]. Nickel may be special
as it has been known to have slow kinetics to attain equilibrium in natural waters [61].
Slow kinetics may also affect the equilibration o f nickel with the resin in IET. This is a
critical consideration for IET studies that involve multi-metal composition such as
mining aqueous effluents which may require even greater volumes to attain steady-state.

The equilibrium curve (Figure 3.2a) revealed that a steady-state was achieved at a
distribution coefficient (XnO o f approximately 0.65 L/g. However, repeated testing was
necessary to calibrate IE T and determine the X,Ni specific for the resin mass, ionic
strength, pH and the [N i(I I )]totai range to be used in the study. For the purpose o f the
model solution investigation, IE T was calibrated with a standard Ni(NC>3)2 solution (0.2
M sodium nitrate, pH 5.5) for which the initial free nickel ion concentration was
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Figure 3.2

Volume o f sample solution required for Ni to equilibrate with approx. 7.8
n

mg o f the resin at 5 mL/min flow rate. Samples contained 4.40 x 10' M Ni
and 0.2 M NaNC>3 at pH 5.5 ± 0.1 and were buffered using 0.01 M acetic
acid - sodium acetate buffer. Vertical bars represent ± 1 standard deviation
(visible only when larger than the symbol). (A) The change in distribution
coefficient with volume o f sample solution loaded onto the column where
each load volume was conducted as a separate experiment. (B) Monitoring
the change in [Ni] in the effluent fractions with respect to the influent
(original sample) in a single experiment.
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calculated using WHAM VI to correct for the high ionic strength. This is because a high
salt concentration o f nitrate may cause significant complexation o f N i2+ by nitrate. Note
that the conditions o f the model solutions do not necessarily match the conditions o f the
aqueous mining effluent samples tested. This is because the investigation in model
solutions were done on the basis o f the method and conditions (pH 5.5, ionic strength
0.20 M NaNCL) used by Fortin and Campbell (1998) [6 ], for comparison purposes. In
addition, the effluent samples were collected from Sudbury (ON, Canada) after
completion o f the investigation in model solutions. Based on available literature
information, it was concluded that it was unnecessary to repeat the study o f model
solutions at the pH and ionic strength matching the effluent samples. However, because
o f the difference in conditions (pH 7-8, ionic strength adjusted to 0.01 M), the IET
determinations were re-calibrated to determine the new applicable distribution
coefficient. See Section 3.5.4 for further discussion o f IET application to the aqueous
mining and municipal effluents.

For the investigation o f model solutions, the distribution coefficient was repeatedly tested
(minimum three times) for [Ni(II)]totai ranging between

2 0 -2 0 0

nM at a pH o f 5.5 and

ionic strength o f 0.2 M. The average XNj was determined to be 0.62 ± 0.04 L/g. Cantwell
et al. [5], using a larger mass o f resin (0.30 g) and 1000 mL o f sample volume, found
= 0.48 ± 0.01 L/g at pH 7 and XNi = 0.54 ± 0.03 L/g at pH

8

[5]. In addition, they used a

standard solution having approximately 4 times higher nickel concentration (852 nM).
The above difference in the distribution coefficient between this study and that o f
Cantwell et al. (1982) [5] was probably due to operational parameters such as pH, mass
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o f resin, volume o f the sample loaded and different laboratories. However, the results are
close regardless o f differences in the experimental conditions.

For the investigation o f the aqueous mining effluent samples, the distribution coefficient
was determined for [N i(II)]totai ranging between 20-440 nM, and a pH o f 7.5 or 8.5. The
average Am determined for pH 7.5 and 8.5 (2.04 ± 0.08 L/g) was utilized in the free nickel
ion calculations.

3.5.3

Effect o f ionic strength and p H on the Ni(II)-binding affinity o f the resin

Figure 3.3 illustrates the effect o f ionic strength on the binding affinity o f Ni(II) with the
resin (i.e. distribution coefficient) at different pH values (see also Figures 7.3 and 7.4 in
Appendix for effects o f pH and pH buffers). Increasing the ionic strength generally
decreases the Am at all pH ’s tested (pH 5.5, 7.5, 8.5). Thus, greater ionic strength
generally lowers the binding affinity o f Ni2+ with Dowex™ 50W-X8 resin. This is
because complexation at a binding site on the resin reduces the tendency o f neighbouring
sites to complex with another ion. This will generally weaken the binding ability o f the
metal o f interest to the resin at higher ionic strengths. Additionally, it is evident that the
weakening effect o f ionic strength on the binding affinity decreased as the pH increased.
This is most probably due to the counter-effect o f pH on binding affinity to the resin,
which generally increases the binding affinity as pH increases [62]. This is because
higher pH increases dissociation of protons on the acidic functional groups o f the
complexant. This will strengthen the negative charge on the resin and will therefore
increase the attraction o f nickel ions to the resin and decrease the proton competition for
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Figure 3.3

The effect o f ionic strength on the distribution coefficient (kN,) at various
pH (□, pH 5.5; o, pH 7.5; • , pH 8.5). The sample solutions contained 4.40
x 10' 7 M nickel and the pH buffer o f 0.01 M acetic acid - sodium acetate
buffer (pH 5.5) or 0.01 M Tris (hydroxymethyl) aminomethane
hydrochloride (pH 7.5 and 8.5). The vertical bars represent ± 1 standard
deviation o f three replicate determinations (visible only when they are
larger than the symbol).
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the binding sites. Based on these findings, it is advisable that all studies be calibrated by a
solution at a pH very similar to the sample being tested. In addition, since the smallest pH
effect was observed at an ionic strength o f 0.01 M, this ionic strength appears to be the
more suitable ionic strength for IET studies. Hence, real samples that are much lower in
ionic strength may be adjusted to 0.01 M without significantly affecting the results.

3.5.4

Effect o f [Ni(II)]/[LFA] mole ratio on [Ni2+]

The initial studies o f Ni(II) by IET explores the effect o f LFA complexation o f Ni(II) on
'S I

the free nickel ion concentration, [Ni ]. LFA is a natural DOC which has been fully
characterized for the concentration o f carboxylate and phenolate binding sites [57], hence
yI

allowing for systematic testing for the effect o f the DOC on [N i ]. Figure 3.4 illustrates
the relationship between [N i]totai and the IET-determined [N i2+] in the presence o f varying
[LFA]. Some parts o f the curves are linear or nearly linear.

Figure 3.5a illustrates the effect o f the [LFA] on the percentage o f total Ni(II) found as
free Ni2+ ion. It is evident that the % Ni2+ decreases with increasing [LFA]. This is
expected since humic substances contain binding sites that bind nickel metal, and hence,
decrease the [Ni2+] available in the solution. It is interesting to note, though, that the
slopes are different for a [N i(II)]totai o f 100 nM compared to 200 nM, the latter is steeper.
This is due to the difference in Ni(II)-to-[LFA] mole ratio (see Figure 3.5b). The Ni(II)to-[LFA] mole ratio usually determines the concentration o f free N i2+ ions. In Figure
3.5b, it is evident that as the Ni(II)-to-[LFA] mole ratio is increased, the percentage o f
Ni(II) found as free Ni2+ also increases. This is as expected, because a distinctive metal-

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

complexing property o f naturally occurring humic substances (HS), such as the LFA,
which are heterogeneous complexants, is that their complexation with metal ions in
natural waters is determined by their metal/binding site concentration ratio, usually
known as metal ion loading, (0 ) [63-64], HS are physically and chemically
heterogeneous complexants and have < 1 to 10% strong binding sites and < 99 to 90%
weak binding sites [65], The strong binding sites form strong metal complexes which are
non-labile, whereas the weak binding sites form weak metal complexes which are labile
and they dissociate to yield free metal ions which are widely reported to be bioavailable
and toxic to biota in natural waters. At very low nickel metal loading, i.e. [nickel]/[HS]
ratio, typical o f pristine natural waters, very strong metal complexes are formed which
are non-labile and do not yield any free nickel ions. At higher metal loadings (i.e. higher
0 values) encountered in nickel metal mine and municipal run-offs in Sudbury area
(ON), more free nickel ions should be available. However, nickel-HS complexes are
kinetically inert, compounding the problem o f interpretation o f the experimental
observations, which should be based on self-consistent theoretical models o f Ni(II)-HS
interactions in aquatic systems. Structural changes (conformational) in fulvic acid
following an increase in bound metal have been observed in light scattering
measurements by Langford et al. [6 6 ]. Aggregation could also be induced by a
combination o f acidic and high ionic strength conditions [67].

Table 3.4 presents a comparison o f solutions with different composition o f dissolved
nickel and LFA, but identical Ni(II)-to-LFA ratios. It is interesting to note that a large
difference in % Nifree for the same Ni(II)-to-LFA ratio (0.0034) was observed. Had it
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been the case o f a simple homogeneous ligand,(e.g. NTA), the same Ni(II)-to-ligand ratio
would produce the same results. However, for the heterogeneous complexant, LFA,
approximately -30% difference was observed for the Ni(II)-to-[LFA] ratio o f 0.0034
(85.9 ± 6.4 for 1 mg/L LFA, 58.1 ± 5.7 for 10 mg/L LFA). This was probably due to
changes in the accessibility o f some ligand sites on the LFA to metal ions because o f
conformational changes, degree of aggregation, and consequently the metal ion binding
that comes into effect at high concentrations (e.g. with a 10 fold difference in the [LFA]).
For a Ni(II)-to-LFA ratio o f 0.0017, not much difference in % Nifree was observed,
probably as the result o f an only

2

fold difference in [Ni(II)]totai and [LFA] compared to

the 10 fold difference for the 0.0034 ratio. Also, the results at the ratio o f 0.0017 are
presumably because of reaching the geochemical limit [6 8 ], in which case the number of
sites occupied on the LFA is so small that only the strongest binding sites contribute
significantly to metal complexation.

3.5.5

Sudbury mining and municipal aqueous effluents

The concentrations o f major cations, anions and trace metals other than Ni(II) in the
aqueous effluent samples are presented in Table 3.5. Table 3.6 presents the pH, [N i]totai,
[D O C ], [N i]totai/[DOC], [Ni2+] determined by IET, and [Ni2+] predicted by WHAM VI,

for the aqueous effluent samples. Dissolved nickel concentrations were higher in aqueous
effluents in Garson Mine, Crean Hill, Nolin Creek WWTP, and Sudbury Waste Water
Treatment Plant (WWTP), compared to Copper Cliff WWTP and Whistle Mine.
However, the dissolved concentrations o f nickel are not a reliable measure o f the m etal’s
toxicity. They do not represent the bioavailable nickel species which is determined by a
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variety o f water chemistry factors. A critical factor with respect to mining aqueous
effluents is the presence of DOC which can complex nickel species, thereby reducing the
concentration o f the nickel free metal ion [3]. Hence, this study examined nickel
speciation in the aqueous effluent samples using the IET and the WHAM VI predictions,
both o f which provide [Ni2+] (see Figure 7.5 in Appendix for a comparison). Previously,
we studied the kinetic fractionation o f nickel (i.e. labile nickel species) in water-diluted
and undiluted samples o f the Sudbury mine aqueous effluents [7] using Competing
Ligand Exchange Method. This study found that dilution o f the effluent samples with
laboratory water increased the percentage o f nickel released from Ni(II)-DOC
complexes. The importance o f the free metal ion has been increasingly regarded as
greater than that o f the other labile metal species. In fact, the BLM approach is based on
the concept that the free ion is the bioavailable species. In general, the binding capacity
and affinity for metal binding is dependent on the number and type o f ligands, on their
position in the skeletal structure o f the complexants, on the [Metal]/[HS] ratio, pH, ionic
strength and other factors [70].

Most o f the aqueous effluent samples have DOC concentrations between 1 .1 9 -2 .8 2
mg/L, except Sudbury WWTP (8.79 mg/L) and Copper C liff WWTP (6.55 mg/L). The
nickel-DOC ratio usually determines the distribution o f metal among the free and
complexed forms. However, in mining and municipal aqueous effluent samples, this
concept is much more complicated because o f competition by other trace metals and
major cations with nickel for the same binding sites on DOC, and the variability in metalbinding properties o f DOC with the provenance o f the DOC.
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The dissolved concentrations o f nickel in Nolin Creek WWTP (pH 8.1) and in Sudbury
WWTP (pH 7.4) are similar. The higher [Ni2+] determined by IET in Nolin Creek is
presumably because o f its much higher nickel-DOC ratio (Table 3.6). Similarly, Copper
C liff aqueous effluent contained the lowest nickel-DOC ratio and resulted in the lowest
[Ni2+], determined by IET.

3.5.6

Comparison o f the IE T results with WHAM VIpredictions

Free metal ion concentration can be predicted using a computational method based on
discrete electrostatic binding called Windermere Humic Aqueous Model (WHAM) [911]. Assessment o f the applicability o f WHAM is important in view o f it being the basis
o f BLM, which is being considered for inclusion in regulatory framework in North
American and European nations. The U.S. Environmental Protection Agency has recently
incorporated the BLM in determining Water Quality Criteria for Copper [34]. In order to
validate the BLM for nickel speciation in natural waters, the reliability o f BLM
predictions must be assessed. Predictive models are useful for regulation o f metal
pollution because they avoid confounding factors such as sampling and storage loss and
contamination, adsorption to container walls, disturbance o f chemical equilibrium in the
sample. These are involved in the sequential process o f collection o f field samples,
bringing them to the laboratory for analysis, resulting in delay, decomposition and
possible changes in metal speciation in the samples, especially water samples containing
colloidal matters and dissolved and particulate metals.
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WHAM, developed by Tipping [10-11] to predict free metal concentration in complex
aqueous solutions, is one o f the most advanced speciation models available today. This
equilibrium-based thermodynamic model (version VI) assumes discrete-site electrostatic
binding and incorporates multiple binding sites o f varying strength and binding site
competition among various cations to predict metal speciation. WHAM V i’s popularity is
largely due to its comprehensive database o f metal-DOC interactions, its agreement with
experimental findings o f various techniques [9,39] and simplicity for use. In addition,
since WHAM VI is an equilibrium-based model and IET is an equilibrium-based
technique, a comparison o f the WHAM predictions with the IET determinations will be
appropriate.

Figure 3.6 presents a comparison o f the IET determined and the WHAM VI predicted
free Ni(II) on a log scale, i.e., pNifree = - log[Ni2+], for the model solutions. Generally,
good correlation between the IET-determined pNifree and the W HAM-predicted pNifree
was observed for all concentrations o f the LFA. However, at higher nickel-to-fulvic acid
ratios, WHAM VI slightly overestimated nickel free ion concentrations, which was
similar to the findings o f Doig and Liber (2007) [71]. These findings require more work
for fine-tuning WHAM VI predictions for higher metal-to-DOC ratios in natural water
conditions by improving the WHAM VI database for freshwater humic substances.

A major drawback in the WHAM modeling o f real samples is that it requires an input
datum for the concentration o f “active” DOC (i.e. the concentration o f DOC that behaves
like isolated humic substances, and is actively involved in the binding o f metals) [ 1 0 ].
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This is an important parameter since it determines the number o f binding sites available
to the metals. Since the value o f the “active” concentration o f DOC, although critical,
was not known, the aqueous effluent sample was modelled using three different “active”
DOC concentrations: 40, 65 and 100% o f the DOC as “active” to determine the “active”
DOC concentration that best fitted the measured free nickel ion concentrations. The
WHAM VI model with 40% active DOC concentrations showed agreement with three of
the experimental results o f [Ni2+] (Table 3.6); however, for Sudbury WWTP, the WHAM
VI model with 40% “active” DOC concentration vastly underestimated the free nickel
concentration compared with the measured values (10 5 fold difference). Aside from the
large deviation for Sudbury WWTP, Garson Mine and Copper C liff WWTP showed 5fold and 17-fold differences, respectively. These deviations might be due to the presence
o f anthropogenic organic matter, which most likely had different characteristics from
those o f the humic substances used in the calibration o f the WHAM. However, it is
difficult to completely account for the differences between the WHAM VI predictions
and the measured values o f free nickel ion concentration because o f the complexity o f the
samples. There are possible deficiencies in the wider applications o f such a simple model
as WHAM to independent data, and the artifacts associated with differences in analytical
methods o f experimental design confound the experimental results. Another source o f
error was the input data. For example, the data for phosphate level was very high for
Sudbury WWTP and any error in that data could significantly affect the predictions.
Three o f the samples (Crean Hill, Whistle Mine and Nolin Creek WWTP) showed
reasonable agreement with the predictions that ranged between 1.5- and 2.6-fold
differences o f the IET measurements.
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Relationship between total nickel and free nickel concentration determined
by optimized IET in model solutions containing varying concentrations o f
Laurentian Fulvic Acid ( • , 1 mg/L ; V , 10 mg/L; ■, 20 mg/L). Samples
had an ionic strength o f 0.2 M sodium nitrate at pH 5.5 (buffered with 0.01
M acetic acid - sodium acetate buffer). Total nickel concentration in the
samples varied between 2.00 x 10' 8 and 2.00 x 10' 7 M. The vertical error
bars represent ±

1

standard deviation, o f three replicate determinations

(visible only when they are larger than the symbols). The dashed lines
were drawn to connect the experimental data points and do not represent
linearity.
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Using pre-equilibrated (72 hours) model solutions: (A) study o f the effect
o f [LFA] on the nickel speciation, 100 nM Ni (•), 200 nM nickel (o); (B)
study o f the effect o f [Ni(II)]/[LFA] mole ratio on the % Ni(II) found as
free. Ionic strength was 0.2 M (sodium nitrate) and pH 5.5 (buffered with
0.01 M acetic acid - sodium acetate buffer). The vertical error bars
represent ±

1

standard deviation, o f three replicate determinations.
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Comparison on a log scale o f free nickel concentrations measured by
optimized IET and that predicted by WHAM VI in model solutions
containing the following concentrations o f the Laurentian Fulvic Acid; 1
mg/L (A ), 10 mg/L (■), or 20 mg/L (•). The solutions had an ionic
strength o f 0.2 M (sodium nitrate) and pH 5.5 (buffered with 0.01 M acetic
acid - sodium acetate buffer). Total nickel concentration in the samples
varied between 2.00 x 10' 8 - 2.00 x
represent ±

1

10-7

M. The horizontal error bars

standard deviation o f three replicate determinations.
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Table 3.4

Effect o f [Ni(II)]/[LFA] mole ratio on the percentage o f free Ni(II) (with

respect to total nickel concentration) determined by column IET.

[Ni(II)]/[LFA]*
(M/M)
0.0034

[Ni]total
(nM)
20

[LFA]
(mg/L)
1

85.9 ± 6 .4

0.0034

200

10

58.1 ± 5 .7

0.0017

100

10

51.7 ± 5 . 0

0.0017

200

20

48.4 ±3. 4

% [Ni2+]

* Based on the bi-dentate binding capacity o f the Laurentian Fulvic Acid, 5.86 x 10' 3 M/g
[69],
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Table 3.5

Concentrations o f major anions, major cations and other trace metals in the mine and municipal aqueous effluent water

samples, collected from Sudbury, Ontario, in May 2006.

Aqueous
Effluent
Sample

Major Cations
Na+

K+

Mg2+

Major Anions
Ca2+

F

Cl

(mg/L)

NO3

SO42

Trace Metals
PO43'

Cu2+

(mg/L)

Zn2+

Cd2+ Pb2+

(Pg/L)

Crean Hill
Mine

2.05

0.97

2.36

34.63

0 .1 2

4.49

0.32

67.64

0.03

10.37

15.37

ND

0.45

Garson Mine

69.31

12.50

14.42

244.66

1.14

151.65

31.02

736.99

0.03

6.29

68.79

ND

0.30

Whistle Mine

2.05

5.28

7.07

46.73

0.08

10.03

5.77

136.09

0.09

4.10

17.14

ND

1.98

138.24

38.06

15.78

461.71

2.63

97.10

5.21

1528.03

0.04

173.36

178.76

0.35

3.49

33.59

2.60

1.63

75.12

0.08

89.87

—

217.48

0.04

5.27

12.75

ND

0.35

93.35

5.88

7.16

29.33

0.43

158.03

1.42

49.80

0.32

9.57

42.12

ND

0.30

Copper C liff
WWTP
Nolin Creek
WWTP
Sudbury
WWTP
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Table 3.6

The IET determined free nickel ion concentration compared with the predictions o f WHAM VI (assuming 40 % of

Dissolved Organic Carbon as “active”) and the nickel-to-DOC mole ratio as a parameter.

pH

[Ni] total
(M)

DOC
(mg/L)

[Ni]t„tal/[DOC]
(M/mg/L)

IET
measured
[Ni2+]
(M)

Crean Hill Mine

7.7

1.76 x 1O' 06

2.23

7.91 x 10' 07

6.19 x 10 07

4.01 x 10-07

1.5 X

Garson Mine

7.8

2.33 x 10’06

2.82

8.27 x 10' 07

2.42 x 10' 07

1.27 x 1O' 06

5.2 X

Whistle Mine

8 .0

4.91 x 10’07

2.14

2.29 x 10' 07

7.53 x 10' 08

2.84 x 10‘08

2.6 X

7.1

6.97 x 10' 07

6.55

1.06 x 1 O' 07

2.89 x 10' 08

4.97 x 1O' 07

8 .1

1.28 x 1O' 06

1.19

1.07 x 1O' 06

2.89 x 10' 07

4.64 x 1O' 07

7.4

1.32 x 1O' 06

8.79

1.50 x 1O' 07

2.41 x 10‘07

2.44 x 10' 12

Aqueous Effluent
Sample

Copper Cliff
WWTP
Nolin Creek
WWTP
Sudbury WWTP

60

WHAM VI
predicted [Ni2+]
(M)

Difference between
IET & WHAM
results

17 X
1.6 X
105X

4. Relationships between equilibrium- and kineticsbased estimates of nickel speciation to algal toxicity
in aqueous mining and municipal effluents
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4

4.1

Relationships between equilibrium- and kinetics-based estimates of
nickel speciation to algal toxicity in aqueous mining and municipal
effluents
Introduction

Trace metals are o f concern because they are essential micronutrients at low levels but
are toxic at higher concentrations. Hence, regular monitoring o f freshwater supply and
setting o f adequate water quality criteria are becoming more and more critical in
protecting and safeguarding human and environmental health. Surface waters
(freshwaters, estuarine and seawaters) are representative media o f the chemical
complexities that can exist in the environment which make the task o f monitoring
difficult for environmental chemists. To name just a few, complexities include: wide
range o f metal concentrations, dissolved organic matter o f mainly unknown structure,
inorganic and organic colloidal material, and the presence o f microorganisms which
consume and excrete dissolved chemicals.

Since the natural environment is being extensively exposed to trace metals, the past two
decades have promoted a large surge in metal speciation research. However, in spite o f
significant progress, speciation o f trace metals, their transport and their related
toxicological effects, continue to be an important field o f research. More must be done
quickly to stop and reverse the current trend o f environmental degradation brought about
by anthropogenic invasion o f the natural habitat o f freshwater biota - natural waters.

Labile metal species are widely reported to be indicators o f metal bioavailability [8 ];
however, today, the majorities agree that the free metal ion concentration is a better
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predictor o f bioavailability [28]. The Free Ion Activity Model (FIAM) is based on
thermodynamic control o f metal bioavailability. This chemical equilibrium basis assumes
that the rate o f metal uptake across a cell surface is slow compared to the rate o f diffusion
to the cell surface, and surface-bound metal rapidly comes into pseudo-equilibrium with
the metal in the bulk solution [44]. Exceptions to this assumption were not many. In fact,
52 out o f 59 cases conformed to the assumption according to a review by Campbell
(1995) [3]; this validated the applicability o f FIAM. Recently, the Gill Surface Interaction
Model (GSIM) [29] has been combined with FIAM concepts to form the Biotic Ligand
Model (BLM) [23]. The BLM holds that toxicity is due to accumulation o f metal at
physiologically active sites such as the gill in fish. The BLM approach has already
received wide acceptance and has been incorporated in the regulatory framework for
copper by the U.S. EPA [34]. The European Union is following suit.

A key knowledge gap is the inability to effectively identify the causes o f toxicity in
aquatic biota. Field studies have several disadvantages including exposure to
confounding factors and inherent variability, high cost, and results that are not always
comprehensible. Hence, it would be beneficial and cost effective to create mechanistic
geochemical and toxicological models that could provide reliable predictions on not just
acute toxicity alone, but also the chronic impacts o f mining aqueous effluents based on
laboratory-based determination o f metal speciation and water chemistry factors. Further
research in this field is necessary to reduce uncertainties associated with measuring long
term impacts o f mining aqueous effluents. One o f the vital steps to the above approach is
the exploration o f the link between geochemical speciation o f metals in mining aqueous
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effluents and their bioavailability and toxicity. Since bioassay toxicity testing requires
rigorous quality control, and is expensive and time consuming, predictive computer
speciation and toxicological models will provide an attractive alternative.

Hence, the objective o f this work was to any study linkages between the observed
toxicity to freshwater green alga and the free metal and labile metal ion concentrations
determined experimentally. This was attempted by a combination o f speciation analysis
(equilibrium- and kinetics-based) and bioassay toxicity studies. This study will also test
the hypothesis that BLM (based on Windermere Humic Aqueous Model, WHAM VI) is a
satisfactory model to predict toxicity to freshwater biota in metal-contaminated natural
waters. Thus, field validation o f the WHAM VI was undertaken by comparing the
measured speciation and the toxicity results in the laboratory.

4.2
4.2.1

The Kinetic Model
Competing Ligand Exchange M ethod (CLEM)

The modified version [72-73] o f the kinetic model originally proposed by Olson and
Shuman [74] was utilized to investigate the kinetic speciation o f nickel and copper in
mining and municipal aqueous effluents. Consider an aqueous sample o f n components,
in which each component, ML, exists in equilibrium with its dissociation products: M
(the free metal ion) and L (the ligand which is a naturally occurring heterogeneous
complexant such as humic acid). Charges are omitted for simplicity. Assuming the
following rates o f reaction:
M L ^ M +L

(slow)

( 1)

kf

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

M + C helex

>M - Chelex

(fast)

(2)

where the formation and dissociation rate constants (kf and kd, respectively) are coupled
by the stability constant, K = kf/kd, through the principle o f microscopic reversibility.

If each complex, MLX, dissociates simultaneously and independently (at a rate that
depends on the nature o f the functional group, its position on the macromolecule, and the
residual charge), the concentration o f the free metal ion, cM, and the total concentration
of all complexes, cML, at any time, t, are given by a summation o f exponentials as shown
in equations 3 and 4, respectively.

cM (t)= | V M L X •[1 - e x p (-k d x • t)]

(3)

X=1

cML(t) = £ c°MLx •ex p (-k d x •t)

(4)

X=1

where cM(t) is the concentration o f metal M at any time t, c°MLx is the initial
concentration o f MLXand cMLx(t) is the concentration o f MLXat any time, t.

When a competing ligand, such as Chelex-100 chelating resin, is added to the sample
solution containing a metal M, M-Chelex is formed. Provided that the dissociation o f the
complex ML is slow and the complex formation by Chelex (M-Chelex) is fast and the MChelex is thermodynamically much stronger than ML, then with a large excess o f
Chelex-100, reaction 1 is driven to the right.
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Assumptions in the model include; 1) reactions are first-order, or pseudo-first-order; 2)
reaction

2

is much faster than reaction 1 , making reaction

1

the rate-determining step, and

the measured kinetics then represent the kinetics o f the dissociation o f ML; 3) ML does
not bind with the Chelex resin; 4) M-Chelex complex is thermodynamically much
stronger than ML complex; 5) Concentration o f Chelex is much larger than cM.

4.2.2

Algal bioassays

The green alga, Pseudokirchneriella subcapitata (formerly known as Selenastrum
capricornutum), was used as the test species in this study to determine the toxicity o f
mining and municipal aqueous effluents. Algal bioassays are well-known tools for
assessing metal toxicity at the phytoplankton level, given that appropriate measures are
taken to achieve reliable results. For this reason, the Environment Canada [75] protocol
was utilized.

Pseudokirchneriella subcapitata is a unicellular, non-flagellated, crescent-shaped,
freshwater green alga (Chlorophyceae), and can be found throughout North America.
According to the Environment Canada report [75-76]. P. subcapitata is moderately
sensitive to toxic substances. In addition, algae are known to be highly sensitive to metals
and cationic surfactants [77]. P. subcapitata divides rapidly and is easy to culture in the
laboratory. It is also relatively easy to enumerate because it rarely clumps [75]. Most
importantly, algae were not found to have any significant influence on metal speciation,
such as by excretion o f chelating exudates or other chemicals [78].
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4.3
4.3.1

Experimental section
Containers fo r water samples

All sample containers were made o f Teflon and were pre-cleaned by soaking in 10%
HNO 3 (AR grade) for 1 week at room temperature, followed by a 5 time rinse with
ultrapure water. The containers were kept filled with ultrapure water until used [58].

4.3.2

Materials and reagents

All solutions were prepared with ultrapure water (resistivity 18.2 M Q-cm) which was
obtained direct from a Nanopure Diamond purification system (Bamstead, USA), fitted
with a purifying column to remove organic matter. Standard solutions o f Ni(II) and
Cu(II) were prepared individually by dilution o f 1000 mg/L high-purity nickel and copper
aqueous standards (ICP grade, SCP Science, Montreal, Quebec). These standard solutions
were used to prepare working standards for GFAAS by serial dilution and acidification o f
the diluted standards to contain 1% (v/v) ultrapure nitric acid (Baseline, Seastar
Chemicals) in order to prevent metal loss by adsorption on the container walls. A stock
solution o f 2 M sodium acetate solution was prepared by dissolving sodium acetate
trihydrate (ANALAR, EMD) in ultrapure water. A 0.1 M sodium hydroxide solution was
prepared by dissolving sodium hydroxide pellets (puriss. p.a. Reag. ACS, Riedel-de
Haen) in ultrapure water. The pH o f samples was measured using an Accumet 20
pH/conductivity meter (Fisher).

4.3.3

Mining and municipal aqueous effluent samples

See Section 3.4.3 for details o f the effluent samples.
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4.3.4

Algal bioassay

Algal bioassays were used to examine toxicity o f metal species in the Sudbury mine and
municipal aqueous effluents. The bioassays were performed in accordance with the
Environment Canada [75] protocol for algal bioassays using green alga
Pseudokirchneriella subcapitata (commonly known as Selenastrum capricornutum). An
axenic culture was obtained from the University o f Toronto Culture Collection and
cultured in 250-mL Erlenmeyer flasks at 24°C ± 2°C using AAP medium [75]. The
cultures were renewed weekly under sterile conditions. Because o f the purpose o f the
tests, modifications to the above-cited protocol included a four-fold increase in phosphate
levels in the growth and test mediums, and additionally, EDTA was omitted from the test
medium. Table 4.1 presents the modified composition o f the growth and test media.
Further modification to the protocol included an alternative to using 96-well, flatbottomed polystyrene microplates for tests. Preliminary tests showed algal growth
inhibition in the control microplates (see Figures 7.7 to 7.9 in Appendix for various
growth curves). The reasons for the inhibition are unknown. Tests were conducted in
triplicate in 50-mL Erlenmeyer flasks covered with aerated tin foil and incubated for 72h
at 24°C under cool white fluorescent lights. At the end o f the test, the samples were
completely suspended and transferred to microplates, and algal growth was measured by
fluorescence using a microplate fluorometer (calibration curve, Figure 7.10 in Appendix).

A series o f 8 dilutions were prepared for each sample (e.g. 100%, 80%, 60%, 40%, 20%,
1 0 %,

5%, 0 % o f effluent water). IC 25 (defined as the concentration or amount o f a test
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sample which causes 25% inhibition in growth o f test organism) values were calculated
using the software ICPIN, or manually.

4.3.5

Competing Ligand Exchange M ethod (CLEM)

Competing Ligand Exchange Method/Graphite Furnace Atomic Absorption Spectrometry
(CLEM/GFAAS) was used as follows: 3 g (1% w/v) o f Chelex-100 was added to 300 mL
o f sample in a cylindrical Teflon Reactor. The sample solution was filtered with an online
0.45-pm polycarbonate membrane filter to separate the Chelex resin. Aliquots o f the
filtrate were collected and the Ni and Cu concentrations were measured using GFAAS.

4.3.6

Ion Exchange Technique (IET)

A column ion exchange technique was used to determine the [Ni2+]. The micro-column
consisted o f Teflon tubing (3 mm internal diameter, 3 cm long), in which 7.8-8.0 mg (dry
weight) o f resin (Dowex™ 50W-X8) was trapped by two pieces o f porous polyethylene
discs that were fitted into polypropylene Luer tips (both supplied by Kimble Kontes).
Refer to Section 3.4.4 for a detailed description o f the IET procedure.

4.3.7

QA/QC

To achieve quality control, the analysis schedule included a blank for every fifth sample,
and a Certified Reference Standard (NIST 1640) was run at midway and near the end o f
the run. If a difference o f >10% from certified value was observed, the selected set o f
samples were re-analyzed. All samples were analyzed in quadruplicate and the mean was
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used in the data analysis. The relative standard deviation among replicate determinations
was typically <5% .

4.3.8

WHAM VIpredictions

See Section 3.4.7 for details.

4.4

Results and discussion

4.4.1

Nickel speciation.

M ajor cation and anion concentrations and trace metal concentrations in the effluent
samples are presented in Table 3.5. Copper Cliff Waste W ater Treatment Plant aqueous
effluent had high copper and zinc concentrations o f 173 and 178 pg/L, respectively.
Crean Hill Mine and Garson Mine aqueous effluents had high total nickel concentrations
o f 103 and 136 pg/L, respectively. A high concentration o f sulfate (1528 mg/L) was
found in Copper C liff WWTP and an elevated concentration o f phosphate (0.32 mg/L) in
Sudbury WWTP. In addition, calcium concentrations were high in Copper C liff WWTP
(471 mg/L) and in Garson Mine effluent (245 mg/L). Such concentrations o f major
24cations (Ca ), because o f their effects on both the electrostatic and the covalent binding
o f Ni2+ ions by humate polyanions, result in release o f nickel from the Ni(II)-DOC
complexes [79]. High concentrations o f Ca increase the screening o f electrostatic
attractions (non-specific binding) between the positively charged Ni2+ ions and the
negatively charged humate polyanions, thereby decreasing the electrostatic attractions
between the opposite charges. The Ca2+ ions may also compete with the Ni2+ for specific
binding (covalent binding) if both o f them bind to the same anionic binding sites on the
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humate polyanions. This will also result in decrease in the site-specific bonding, i.e.
covalent bonding o f Ni(II) with humic substances. In summary, the effect is a decrease in
both the electrostatic bonding and the covalent bonding between Ni(II) and humic
substances, resulting in release o f nickel from the Ni(II)-DOC complexes in natural
waters. High cation and anion concentrations in aqueous effluent samples are usually a
result o f treatment activities.

Percentage o f the Ni-DOC complexes remaining undissociated in the solution was plotted
as a function o f time for the water samples collected in May 2006 (Figure 4.1). Labile
nickel and copper (Figure 7.6 in Appendix) concentrations were determined in the same
samples by Competing Ligand Exchange Method using Graphite Furnace Atomic
Absorption Spectrometry (CLEM/GFAAS). Labile copper was also measured since it has
a significant presence in the aqueous effluent samples. The results were used to aid in the
interpretation o f the toxicity results discussed later. Kinetically distinguishable
components o f the nickel and copper complexes are presented in Table 4.2. The fastest
kinetically distinguishable component (Ci) o f different aqueous effluent samples from
various sources represent approximately 37 - 96% o f the total Ni(II)-DOC complexes and
19 -

88%

o f the total Cu(II)-DOC complexes, depending on the sources o f the aqueous

effluent samples.

Free nickel ion concentrations determined by the Ion Exchange Technique (IET) and also
that predicted by WHAM VI are reported in Section 3. In Table 4.3, a comparison o f the
IET-determined and the WHAM Vi-predicted free nickel concentrations and the
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CLEM/GFAAS-determined free plus labile nickel concentrations along with the Ni-toDOC ratios are presented (see Figures 7.11 and 7.12 in Appendix for WHAM VI
predictions versus CLEM measurements and CLEM versus IET measurements,
respectively). The pH o f the samples ranged from 7.1 to 8.1. Table 4.3 shows that the
mining aqueous samples had a Ni-to-DOC ratio (mol/g) ranging from 1.06 x 10' 04 to 1.07
x 10'03, a free nickel concentration ranging from 2.89 x 10' 08 M to 6.19 x 10' 07 M, and a
labile nickel concentration ranging from 4.20 x 10' 07 M to 1.85 x 10' 06 M. The WHAM
VI predictions o f free nickel ion concentration ranged from 2.44 x 10' 12 to 1.27 x 10' 06 M.
Crean Hill Mine effluent had a Ni-to-DOC ratio o f 7.91 x 10' 04 mol/g and Nolin Creek
WWTP aqueous effluent had a ratio o f 1.07 x 10' 03 mol/g, which was only a 1.3 fold
difference. The measured free nickel concentration was 2.1 fold lower for Nolin Creek;
however, the predicted free nickel and the measured labile nickel were similar for both
samples. For the WHAM VI predictions, 45% o f the DOC was assumed to be “active”
based on the best fit and the estimates by Morel and Hering (1993) [47], who suggested
that approximately 50% o f DOC is found as humic substances. According to the WHAM
VI predictions, Garson Mine aqueous effluent had the highest free nickel ion
concentration (1.27 x 10' 06 M); however, the measured free nickel ion concentration was
much lower (2.42 x 10' 07 M) and second to that o f the Crean Hill Mine effluent (6.19 x
10'

07

M). As expected, the CLEM-measured concentrations o f labile plus free nickel

species were higher than the measured and the predicted free nickel concentrations for all
samples. Interestingly, for Sudbury WWTP, the WHAM VI predictions reported a very
much lower free nickel concentration than the measured concentration (approx.
(see Section 3.5.6 for a detailed discussion).
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105

fold)

Figure 4.2 shows the effect o f Ni/DOC ratio on the free nickel ion concentration
(measured by IET) and the labile nickel species (measured by CLEM-GFAAS) in the
mining and municipal effluent water samples collected from the Sudbury area (Ontario,
Canada) in May 2006. Error bars in all figures represent 95.5 % confidence levels (i.e. ±
2x Relative Standard Deviation). Figure 4.2 shows that, in general, the concentration o f
free plus labile nickel species increases with increasing Ni/DOC ratio. Similarly,
concentration o f free nickel ion determined by IET also increases with increasing
Ni/DOC ratio, although to a smaller degree. As the Ni/DOC ratio increases, the strong
binding sites are fully occupied (1-10 % o f the total binding sites o f the DOC), leaving
the remaining nickel to bind to weak sites (99-90% o f the total binding sites o f the DOC)
[65]. These weak nickel complexes are labile and release free Ni2+ ions.

4.4.2

Algal bioassay

Algal (P. subcapitata) yield in the control flasks with standard media in Milli Q
laboratory water was from 300 000 to 500 000 cells/mL after a 72-h growth period under
continuous light (see Figure 7.11 in Appendix for growth curve for stock culture).
However, in the Reference River (regarded as receiving water i.e. Vermillion River,
Sudbury, Ontario), the algal yield was between 1 800 000 and 3 500 000 cells/mL. The
range in control biomass can be a result o f variations in lag phase (up to several hours)
and inoculation at different times o f the exponential growth phase. The test samples were
spiked with growth media to avoid nutrient limitation on algal growth. Nevertheless,
algal growth was stimulated by exposure to Reference River water. This may be because
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o f higher dissolved organic carbon levels in the Reference River water (9.90 mg/L) which
improves algal growth by reducing availability o f toxic metals. Also, the additional
available nutrients may have had an effect.

An initial algal stimulation was observed in most o f the effluent samples (Figures 4.3 and
4.4; Figures 7.13 to 7.15 in Appendix), followed by inhibition with greater amounts o f
the test sample. Similar observations were reported by Mandal et al. (2002) [2]. The
stimulation in algal growth was unexpected since the growth media was believed to
contain the necessary amount o f nutrients. Figure 4.3 illustrates algal bioassays for the
mining aqueous effluent samples: Garson Mine aqueous effluent (Figure 4.3a) and
Copper Cliff WWTP (Figure 4.3b), diluted with the Reference River water (Vermillion
River) and with laboratory water. It shows that algal growth is increased when Reference
River water is used. However, an overall toxic effect o f the aqueous effluent sample is
still observed. For Garson Mine aqueous effluent, the observed toxicity in the Reference
River water was greater (IC25 12.0%) than that in the laboratory water (IC25 25.6%)
(Table 4.4). For Copper C liff WWTP, the opposite effect was observed: in the Reference
River water, the observed toxicity was lower (IC 25 55.6%) than that in laboratory water
(IC 25 28.9%). Similarly, toxicity was reduced in the Reference River water for standard
copper and nickel tests (see Figures 7.16 to 7.19 in Appendix for growth curves). In
addition, the stimulation effect, as seen in the laboratory water, was observed to a lesser
extent when performed in the Reference River water. This suggests that the use o f
receiving waters (such as Vermillion River, Sudbury, Ontario) instead o f laboratory water
for studying toxicity o f aqueous effluents may be a better approach, since the stimulation
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effect will be masked by the receiving water and a more comprehensible toxicity effect
can be observed.

With respect to speciation, a previous study from our laboratory observed that dilution of
the mining aqueous effluents with the Reference River water affected nickel speciation.
Dilution of the effluent samples with the receiving water increased the percentage of
nickel released from Ni(II)-DOC complexes as measured by both CLEM using
Adsorptive Cathodic Stripping Voltammetry and CLEM/GFAAS [7]. An increase in
nickel release means more nickel is bioavailable and can cause toxicity. This agrees with
the observations for Garson Mine aqueous effluent where a greater toxicity was observed
in the Reference River water. However, this observation may be the result o f differences
in the actual toxicity testing rather than the chemical speciation. In fact, the other toxicity
tests in the Reference River water (CCWWTP, standard copper and nickel) all contradict
the above conclusion. For those samples, the use o f receiving water for dilution decreased
the overall algal toxicity (IC 25) (Table 4.4). For example, the IC 25 for standard nickel
increased from 0.427 pM to 0.920 pM (2 fold) and for copper it increased from 0.064
pM to 0.202 pM (3 fold) for laboratory water versus Reference River water, respectively.
Nonetheless, numerous confounding factors in effluent waters make it difficult to make
definite conclusions.

Figure 4.4 shows the algal bioassay curve for Sudbury Waste Water Treatment Plant
effluent sample. For up to 60% of the test sample composition, algal growth was greatly
stimulated. As mentioned earlier, this sample was high in DOC (up to 7.4 fold higher
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than the other effluent samples) and in phosphate concentrations (up to 10.7 fold higher
than the other effluent samples). The high DOC levels present greater complexation o f
trace metals, which reduces toxicity. However, the abundance in phosphate (0.32 mg/L),
a well known algal nutrient, may have had the most significant effect on the stimulation.
This observation was unexpected since the algal growth medium was already adjusted to
contain 4 times more phosphate (Table 4.1) than that in the original Environment Canada
protocol [75] in order to reduce the effect o f high phosphate levels in the effluent waters.

To investigate the effect o f added nutrients further, a study was conducted with added
zinc, phosphate and nitrate levels over a time period o f 72 hours. The results were plotted
as a percentage o f growth in the control water in Figure 4.5. Figure 4.5a shows the effect
o f addition o f 10, 100 and 200 pg/L o f zinc to the growth media. A stimulation effect was
evident for a low concentration (10 pg/L) o f zinc and by the third day this effect was
diminished. At the higher concentrations (100 and 200 pg/L) o f zinc, the growth o f algae
was inhibited. This shows that the effluents samples with excess zinc concentrations
probably caused only toxicity rather than stimulation. Figure 4.5b shows that the added
low phosphate concentration (0.05 mg P/L) had a significant stimulation effect by the
third day. The higher concentration (0.3 mg P/L) also stimulated algal growth, but at a
greatly lower degree. The low concentration o f added nitrate (1.5 mg N/L) had a large
stimulation effect by the third day but was again lower for the higher, 30 mg N/L nitrate
addition. Hence, both phosphate and nitrate levels tended to stimulate algal growth even
though the growth media presumably contained sufficient nutrients. However, the higher
levels o f phosphate and nitrate, which relate to the highest phosphate and nitrate
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concentrations measured in the effluent waters in this study, were probably stimulating at
a lower degree because o f the added effect o f toxicity at such high levels. It is also
important to note that the stimulation tests were performed in laboratory water. The
complexation effects would have been lower in laboratory water than in effluent or
Receiving River waters, and as a result, the effect in effluent waters may be quite
different for the same concentrations.

Table 4.4 presents the calculated IC 25 levels for the effluent waters. Both Crean Hill and
Sudbury WWTP had an IC 25 o f more than 100% effluent, indicating the absence o f
significant toxicity. As discussed above, the toxic effects o f these samples may have been
masked by the observed stimulation, especially in Sudbury WWTP. Garson and Copper
C liff samples showed the highest toxicity with an IC 25 o f 25.6% and 28.9%, respectively.
These toxicity data correlate well with labile Ni and Cu concentrations determined by
CLEM/GFAAS and the free Ni ion concentrations predicted by WHAM VI. Garson
effluent was found to have the highest [Niiabiie] (1-85 pM) and Copper C liff had the
highest

[C u ia b iie ]

(2.40 pM ) (Table 4.2). WHAM VI also predicted highest [Ni2+] (1.27

pM) for Garson (Table 4.3). Nolin Creek and Sudbury W WTP had very similar [N itotai]
(1.28 pM and 1.32 pM, respectively). However, the difference in lability (96.5 % and
37.3%, respectively) and the immense stimulation effect in Sudbury WWTP most likely
caused the difference in toxicity observed for the two samples. Correlation between the
IET measured [Ni2+] and the observed toxicity was less. According to the IET
measurements, Crean Hill had the highest [Ni2+] o f 6.19 x 10‘07 M, followed by similar
concentrations for Nolin Creek Mine, Garson Mine and Sudbury WWTP effluents (2.41 x
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10'07 - 2.89 x 10'07 M). However, the measured [Ni2+] correlated better with the Ni-toDOC ratio (r2 = 0.911) than the measured labile nickel (r2 = 0.784). Ni-to-DOC ratio was
previously shown to indicate both the release o f free Ni2+ and the resulting toxicity of
nickel-polluted effluent waters [72]. In addition, some o f the samples contained high zinc
levels (up to 180 pg/L) and this might also have affected the toxicity results. Further
research on the application o f IET for determination o f [Ni2+] in freshwater systems,
especially mining effluents, is necessary to determine the strengths and weaknesses of
IET. However, regardless of the confounding factors, the results seem to indicate that for
effluent waters, measurement o f labile metal concentrations may give satisfactory
indications o f bioavailability and toxicity. This is reasonable since effluent waters are
more likely systems that are dynamic rather than at chemical equilibrium.

A controversy still exists on whether the free metal ion concentration or the labile metal
concentration is a better indicator o f bioavailability. The chemical equilibrium-control
model (such as FIAM), under which only the free metal ion is bioavailable, assumes that
the rate o f metal uptake into the aquatic organisms is relatively slow compared to the rate
of diffusion in the bulk solution to the cell surface. Hence, the surface-bound metal
rapidly comes into pseudo-equilibrium with the metal in the bulk solution [8], This means
that the metal bioavailability is under thermodynamic control. The kinetic-control model
assumes that the above may be incorrect and that the rate o f metal uptake by the organism
is faster than the rate o f diffusion o f the metal species to the cell surface (i.e. the biotic
ligand). Since this will create a concentration gradient surrounding the cell surface, the
labile metal complexes will dissociate to offset the disturbance in the chemical
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equilibrium near the cell surface. Examples o f samples under kinetic control have been
illustrated previously [80], particularly at low free metal ion concentrations for organisms
with high membrane permeability and thus high metal uptake rates. However, a majority
o f the cases has conformed to the FIAM [3]. Also, the Biotic Ligand Model (BLM),
which is based on FIAM, has gained increasing acceptance in the chemical equilibriumbased toxicity predictions and has already been incorporated into the U.S. E.P.A ’s
Ambient W ater Quality Criteria for copper [34]. The capabilities o f geochemical
speciation and toxicity prediction models have greatly improved in the past decade,
especially in incorporating the effect o f dissolved organic matter. However, more field
validations are still required. In addition, extension o f the BLM to chronic toxicity effects
is still a challenge.
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Figure 4.1

Percentage o f Ni(II) released from N i(II)-D O C complexes in mining and
municipal effluent water samples, determined by CLEM/GFAAS. Chelex
100 was the competing ligand. (■) Sudbury WWTP; ( A) Garson Mine;
( A ) Crean Hill Mine; ( • ) Copper C liff WWTP; (o) Whistle Mine; (□)
Nolin Creek WWTP. Solid lines represent non-linear curve fitting. The
vertical error bars represent ± 1 standard deviation, o f three replicate
determinations (visible only when larger than the symbols).
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Figure 4.2

Effect o f Ni/DOC ratio on the free (filled symbols) and labile (unfilled
symbols) nickel species in mining and municipal effluent water samples
collected from the Sudbury area, Ontario, Canada. Solid lines represent
non-linear curve fitting. The vertical error bars represent ± 1 standard
deviation of three replicate determinations (visible only when larger than
the symbols).
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Figure 4.3

Algal bioassays (P. subcapitata) as function o f percent water sample for
the mining effluent samples diluted with Reference River water (unfilled
symbols) and laboratory water (filled symbols), a) Garson Mine effluent b)
Copper C liff WWTP. The vertical error bars represent ± 1 standard
deviation o f three replicate determinations (visible only when larger than
the symbols).
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Figure 4.4

Algal (P. subcapitata) bioassay curve for Sudbury Waste W ater Treatment
Plant effluent sample as a function o f percent sample. The vertical error
bars represent ± 1 standard deviation o f three replicate determinations
(visible only when larger than the symbols).
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Figure 4.5

Effect o f additional nutrients on algal (P. subcapitata) growth with respect
to the control, a) Effect o f an additional 10, 100 and 200 ug/L o f Zn in the
algal growth media b) Effect o f an additional 1.5 mg/L nitrate, 30 mg/L
nitrate, 0.05 mg/L phosphate, or 0.3 mg/L phosphate in the algal growth
media. The vertical error bars represent ± 1 standard deviation o f three
replicate determinations (visible only when larger than the symbols).
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Table 4.1

Composition o f the modified algal growth medium used for the algal

culture and the exposure medium used for the test experiments (AAP medium; modified
from Environment Canada (1992) [75].
Growth Medium

Test Medium

Macronutrients

Concentration (mg/L)

Concentration (mg/L)

N aN 0 3

25.5

15.94

M gCl2 -6H20

1 0 .0

6.25

CaCl2

4.42

2.76

M gS 0 4 -7H20

14.7

9.19

k 2h p o 4

4.16

2 .6

N aH C 0 3

15.0

9.38

Micronutrients

Concentration (pg/L)

Concentration (pg/L)

H 3BO 3

185.52

115.95

M nCl 2-4H20

415.62

259.76

ZnCl2

3.28

2.05

CoC12 -6H20

1.43

0.89

CuC12 -2H20

0 .0 1 2

0.008

Na 2M o 0 4 -2H20

7.26

4.54

FeCl 3-6H20

160

100

Na 2EDTA-2H20

300

-
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Table 4.2

Ligand exchange kinetics o f Ni(II)-DOC and Cu(II)-DOC complexes in mining and municipal effluent water samples

collected from Sudbury, Ontario (May 2006), determined by Competing Ligand Exchange Method/Graphite Furnace Atomic
Absorption Spectrometry (CLEM/GFAAS), using Chelex 100 as the competing ligand. Temperature 23 ± 2°C.

Aqueous effluent
samples

[Nl] total
(pM)

Kinetically distinguishable
components
[Ni] labile
(pM)
Ci(% )

C2(%)

Kinetically distinguishable
components
[Cu]\abile
[Cu]total
(pM)
(pM)
Ci(% )

C 2(%)

Crean Hill Mine

1.76

70.1 ± 1.3

30.1 ± 1.3

1.24

0.162

19.1 ±2.1

80.8 ± 0 .7

0.030

Garson Mine

2.33

79.4 ± 1.0

20.3 ± 0 .9

1.85

0.099

19.7 ± 1.2

81.2 ± 1.0

0.020

Whistle Mine

0.49

85.9 ± 1.3

13.5 ± 1.0

0.42

0.064

56.2 ± 8.3

43.5 ± 8.7

0.040

Copper Cliff WWTP

0.70

80.3 ± 2 .0

20.1 ± 1.6

0.56

2.699

88.0 ± 1.4

11.3 ± 1.5

2.400

Nolin Creek WWTP

1.28

96.1 ± 1.2

2.6 ± 0 .9

1.23

0.083

76.4 ± 1.8

23.6 ± 0 .7

0.060

Sudbury WWTP

1.32

37.3 ± 1.6

61.5 ± 1.7

0.49

0.162

29.7 ± 1.3

70.3 ± 0.4

0.040
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Table 4.3

IET measured free nickel ion concentrations and predictions o f WHAM VI (assuming 40 % o f dissolved organic

carbon as “active”), and labile nickel concentrations measured by CLEM/GFAAS, and the effect o f nickel/DOC ratios.

Effluent
Sample

pH

[Ni] total
(M)

DOC
(mg/L)

[Ni]total/[DOC]
(mol/g)

IET measured
[Ni2+]
(M)

WHAM VI
predicted [Ni2+]
(M)

Crean Hill
Mine

7.7

1.76 x 1O'06

2.23

7.91 x 10'04

6.19 x 10'07

4.01 x 10‘07

1.24x1 O'06

Garson Mine

7.8

2.33 x 10‘06

2.82

8.27 x 10‘04

2.42 x 10’07

1.27 x 10‘06

1.85 x lO ’06

Whistle Mine

8.0

4.91 x 10'07

2.14

2.29 x 1O'04

7.53 x 10’08

2.84 x 10‘08

4.20 x 10'07

7.1

6.97 x 10'07

6.55

1.06 x 1O'04

2.89 x 10'08

4.97 x 10'07

5.60 x 10’07

8.1

1.28 x 10'06

1.19

1.07 x 1O’03

2.89 x 10’07

4.64 x 10'07

1.23x1 O'06

7.4

1.32 x 10‘06

8.79

1.50 x 10‘04

2.41 x 10‘07

2.44 x 10'12

4.93 x 10'07

Copper Cliff
WWTP
Nolin Creek
WWTP
Sudbury
WWTP
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CLEM/GFAAS
measured [Ni]iabiie
(M)

Table 4.4

Growth inhibition at the 25% level (IC 25) for P. subcapitata in mining and

municipal effluent water samples collected from Sudbury, Ontario, in M ay 2006 and in
reference toxicity tests using nickel and copper standards.
IC25
(% effluent)

Samples

Diluted in Reference River water

Diluted in laboratory water

—

>100

Garson

12.0

25.6

Whistle

—

72.9

Copper Cliff

55.6

28.9

Nolin Creek

—

63.4

Sudbury

—

>100

Copper standard

0.202 p M

0.064 p M

Nickel standard

0.920 p M

0.427 p M

Crean Hill
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5. Conclusions
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5

Conclusions

The free metal ion is generally considered to be the most reactive and bioavailable metal
form to aquatic biota in natural waters. This necessitates a reliable determination o f free
metal ion concentrations. In this study, a column IET was tested to measure [Ni2+] in
model solutions and field-collected water samples from around the mining areas. The
reliability o f the IET method was satisfactory in model solutions as the results were
comparable to the WHAM VI predictions. However, for the mining aqueous effluents,
large deviations were observed in some samples. In addition, the measured labile nickel
concentrations correlated better with the observed algal toxicity than the IET measured
free nickel ion concentrations. Therefore, under more dynamic conditions, such as for
effluent waters, the labile metal concentration is likely a more precautionary indicator o f
metal bioavailability.

In this study it was shown that the toxicity in mining aqueous effluents measured by algal
bioassay can be confounded by factors such as the diluent water used in the bioassay and
the nutrients present in the test sample. The presence o f additional nitrate and phosphate
in the effluent waters tend to stimulate algal growth. Performing the bioassay tests with a
Reference River water as the diluent has proven to be a better approach. Overall, the best
approach for a comprehensive analysis o f the environmental impact o f a sample is the
concurrent use o f speciation methods and toxicity testing with a predictive model such as
the WHAM and the BLM. Further validation o f the IET and o f such predictive models as
the WHAM is crucial for incorporating them into regulatory systems.
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Figure 7.1

Optimization o f pyrolysis temperature for determination o f [N i(I I )]totai in
samples o f high ionic strength and low pH by GFAAS. The sample
solution contained 4.40 x 10'7 M N i(II) and 0.2 M N a N O a at pH 5.5 (0.01
M C2Hs02Na pH buffer). The atomization temperature was kept at
2250°C. ( • , N i absorbance;o, background absorbance; vertical error bars
represent ± 1 standard deviation o f three replicate determinations, visible
when they are larger than the symbol)
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Optimization o f atomization temperature for determination o f [ N i ( I I ) ] totai
in samples o f high ionic strength and low pH for GFAAS. The sample
solution contained 4.40 x 10‘7 M

N i(II)

and 0.2 M NaN 0 3 at pH 5.5 (0.01

M C2H 3 0 2 Na pH buffer). The pyrolysis temperature was kept at 1200°C.
(•, N i

absorbance; o, background absorbance; vertical error bars represent

± 1 standard deviation o f three replicate determinations, visible only when
they are larger than they symbols).
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The effect o f pH on the

at various ionic strength (■, 0.001 M; □, 0.01

M; • , 0.1 M; o, 0.2 M) using the same pH buffer. The sample solutions
contained 4.40 x 10'7 M Ni(II) and a pH buffer 0.01 M tris-HCl. The
vertical error bars represent ± 1 standard deviation o f three replicate
determinations (visible only when they are larger than the symbols).
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The effect o f pH buffer on X,Ni as a function o f ionic strength ( • , 0.01 M
C 2H3C>2Na; o, 0.01 M tris-HCl). The sample solutions contained 4.40 x 10
7 M Ni(II) at a pH o f 5.5 (a) and at a pH o f 6.5 (b). The vertical error bars
represent ± 1 standard deviation o f three replicate determinations (visible
only when they are larger than the symbols).
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Figure 7.5

Comparison on a log scale o f [ N i ( I I ) ] f r ee measured by optimized
that predicted by WHAM

V I

IE T

and

in mining and municipal effluent water

samples collected from the Sudbury area, Ontario, Canada; (□) Sudbury
WWTP; (▼) Garson Mine; (A) Crean Hill Mine; (o) Copper Cliff
WWTP; (O) Whistle Mine; ( • ) Nolin Creek WWTP. The solutions were
adjusted to an ionic strength o f 0.01 M using NaN 0 3 . The horizontal error
bars represent ± 1 standard deviation o f three replicate determinations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

% of undissociated Cu-DOC complexes

0

2000

4000

6000

8000

Time (s)
Figure 7.6

Percentage o f Cu(II) released from Cu(II)-DOC complexes in mining and
municipal effluent water samples as function o f time, determined by
CLEM/GFAAS. Chelex 100 was the competing ligand. (■) Sudbury
WWTP; ( A) Garson Mine; ( A) Crean Hill Mine; ( • ) Copper Cliff
WWTP; (o) Whistle Mine; (□) Nolin Creek WWTP. Solid lines represent
non-linear curve fitting. The vertical error bars represent ± 1 standard
deviation o f three replicate determinations (visible only when they are
larger than the symbols).
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Figure 7.7

Growth curve for the algal stock culture.
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Figure 7.8

Growth curve (72-hour) for algae in the control microplate.
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F igure 7.9

Growth curve (72-hour) for algae in the control 50 mL Erlenmeyer test
flasks.
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F igure 7.10

Standard calibration curve for algal concentration measured by
fluorescence using a microplate spectrofluorometer.
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F igure 7.11

Comparison on a log scale o f [Ni]iabiie measured by CLEM and that
predicted by WHAM VI in mining and municipal effluent water samples
collected from the Sudbury area, Ontario, Canada; (□) Sudbury WWTP;
(▼) Garson Mine; (A) Crean Hill Mine; (o) Copper C liff WWTP; (O)
Whistle Mine; ( • ) Nolin Creek WWTP. The horizontal error bars
represent ± 1 standard deviation o f three replicate determinations.
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F igure 7.12

Comparison on a log scale o f [Ni]iabiie measured by CLEM and the
[ N i( II ) ] f r e e

measured by optimized

IE T

in mining and municipal effluent

water samples collected from the Sudbury area, Ontario, Canada; (□)
Sudbury WWTP; (▼) Garson Mine; (A ) Crean Hill Mine; (o) Copper
C liff WWTP; (O) Whistle Mine; ( • ) Nolin Creek WWTP. For IET, the
solutions were adjusted to an ionic strength o f 0.01 M using NaN 0 3 . The
horizontal bars represent ± 1 standard deviation o f three replicate
determinations.
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F igure 7.13

Algal bioassay as a function o f percent water sample for Crean Hill Mine
effluent collected in May 2006. The error bars represent 95.5% confidence
intervals.
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Figure 7.14

Algal bioassay as a function o f percent water sample for Nolin Creek
Waste W ater Treatment Plant effluent collected in May 2006. The error
bars represent 95.5% confidence intervals.
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Figure 7.15

Algal bioassay as a function o f percent water sample for Whistle Mine
effluent collected in May 2006. The error bars represent 95.5% confidence
intervals.
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F igure 7.16

Inhibition test for standard nickel solution diluted with laboratory water.
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F igure 7.17

Inhibition test for standard nickel solution diluted with Reference River
water.
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Figure 7.18

Inhibition test for standard copper solution diluted with laboratory water.
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Figure 7.19

Inhibition test for standard copper solution diluted with Reference River
water.
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