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Abstract

The objective o f this research was to achieve a better understanding of the effects of 

chemical heterogeneity o f humic substances (HS) on their complexation of metals in 

natural waters. The apparent stability and lability of metal-HS complexes were found to 

be dependent on the metal loading and heterogeneity o f the humic substance. 

Heterogeneity was found to play a crucial role in metal-DOC interactions and to control 

trace metals competitions with target metals in natural waters. Anodic Stripping 

Voltammetry with Hanging Mercury Drop Electrode was used to investigate the 

Differential Equilibrium Function (DEF) and the heterogeneity parameters o f metal-HS 

complexes in natural waters. The heterogeneity of metal-HS complexes was also 

investigated by kinetic speciation o f the metals. Dissociation rate coefficients o f metal- 

HS complexes were studied in order to determine the effects o f heterogeneity of HS in 

metal-contaminated natural waters collected from Sudbury, Ontario. The kinetic 

speciation approach also revealed that the stability o f metal-DOC complexes increased 

with the increase in heterogeneity of humic substances and with low metal loading (low 

[M]/[DOC] mole ratio). It was found that HS had different heterogeneity for different 

metals because of the availability o f different complexing sites to different metals. This 

study also included investigation o f the nature o f metal-DOC bonding, covalence and 

electrovalence and their strengths (stability constants) in model solutions and in natural 

waters. Competing Ligand Exchange Method (CLEM) along with Adsorptive Stripping 

Voltammetry (AdSV) or Graphite Furnace Atomic Absorption Spectrometry (GFAAS) 

were used to investigate the reaction kinetics. Diffusive Gradients in Thin films (DGT) 

technique was also used to investigate the physical heterogeneity o f HS.

iii
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2

1.1 Overview

Trace metals present as natural components in freshwaters are micronutrients for biota. 

Organisms require trace metals for catalysis of redox reactions, electron transport, 

structural functions in nucleic acid metabolism, and as cofactors for the activation of 

different enzymes [1]. The concentration o f metals required for optimal development is 

species-specific, and the physico-chemical form of the metals is an important factor in 

determining whether the metals present in the surrounding environment are nutrients or 

toxicants.

In freshwaters, trace metals are present as different chemical species (chemical 

speciation). They can either be present in the free metal ion form or as complexed by

9 9inorganic ligands (HC03 ',C03 ', SO4 ', C f,...)  organic ligands (amino acids, fulvic acids, 

humic acids,...), or on particle surfaces (Fe-oxides, biological material,...). Most of these 

species are not directly taken up by the aquatic organisms and only a small fraction of the 

total metal concentration is bioavailable, and interacts with organisms. The 

bioavailability o f the metal is controlled by the metal speciation [2- 5],

Laboratory studies suggest that growth and toxicity are mainly a function o f the activity 

o f the free metal ion, a postulate which inspired the development o f the Free Ion Activity 

Model (FIAM) [3,4], The FIAM has been validated for a number o f different metals (Cu, 

Zn, Mn, Fe, Cd), organisms, and for biological responses (growth, uptake, nutrient 

limitation, toxicity). However, under natural conditions, where natural organic ligands 

considerably modify the speciation o f metals, there is a lack o f knowledge about the 

chemical heterogeneity of humic substances and their interactions with trace metal ions in 

natural waters. The chemical heterogeneity o f humic substances is related to the buffer 

intensity o f the complexing system, which influences the capacity o f natural waters to
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3

sustain life after metal pollution events. The effect o f discharge o f aqueous mine effluents 

to receiving waters (a major source o f pollution o f natural waters) has not been well 

studied. In addition, the effects o f dilution of effluent by receiving waters on the 

speciation of trace metals are unknown. The growing awareness o f strong dependence of 

the toxicity o f heavy metals upon their chemical forms (chemical speciation) has led to an 

increasing interest in the qualitative and quantitative determination of specific metal 

species. Metal speciation has therefore become an important topic in environmental 

chemistry research.

The overall aim o f this thesis is to provide relevant studies on the heterogeneity of humic 

substances and its effects on the coordination chemistry of trace metals in natural waters. 

The results o f these studies should provide a better scientific understanding to water 

resource managers and decision makers, who will take into consideration also the 

chemical compositions o f receiving waters, which will set limits on the amounts o f metal- 

contamimated mine effluents allowable in a given system at a given time.
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4

1.2 Humic Substances

Humic substances which are natural organic matter (NOM), are major constituents o f the 

oragnic matter in soil and natural waters. Humic substances arise by the microbial 

degradation of biomolecules (lipids, proteins, carbohydrates, lignin) dispersed in the 

environment after the death o f living cells. They contribute to soil and water chemical 

and physical quality and are also precursors o f some fossil fuels. They can also be found 

in peat, coal, many upland streams and in ocean water. Humic substances make up a large 

portion o f the dark matter in humus and are complex colloidal supramolecular mixtures 

that have never been separated into pure components. Since the end o f the 18th century, 

humic substances have been designated as humic acid, fulvic acid or humin. These 

fractions are defined strictly on their solubility in either acid or alkali, which are 

operationally-defined classification, and impart no chemical information about the 

extracted materials. It is important to note, however, that no sharp division exists between 

humic acids, fulvic acids and humins. They are all part o f an extremely heterogeneous 

supramolecular system and the differences between the subdivisions are due to variations 

in chemical composition, acidity, degree o f hydrophobicity and self-associations of 

molecules. When humic substances are characterized, especially when functionality is 

studied, there is always the problem that one usually has to separate the huge number of 

different bioorganic molecules into homogenous fractions.

A modem structural description regards humic material as a supramolecular structure of 

relatively small bio-organic molecules (having molecular mass <1000 Da) self-assembled 

mainly by weak dispersive forces such as van der Waals,7t-7t, and CH-tt bonds into only
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5

apparently large molecular sizes. According to a new view o f humic substances recently 

proposed by Sutton and Sposito [6], 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 of 

organizing into micellar structures in suitable aqueous environment. A large fraction of 

humic substances are represented by hydrophobic compounds (long alkyl-chain alkanes, 

alkenes, fatty acids, sterols, terpenoids, and phenyl-alkyl residues o f lignin degradation) 

which allow their self-association into supramolecular structures separated from the water 

medium and, thus, their long residence time in the natural environment. Humic 

substances are endowed with acidic functional groups, mainly carboxylic acids, which

' S l  I

confer on these molecules the ability to chelate multivalent cations such as Mg , Ca , 

and Fe2+. This chelation o f ions is an important role o f humic acids with respect to living 

systems. By chelating the ions, they facilitate the uptake o f these metal ions by several 

mechanisms: one o f which is preventing their precipitation, another seems to be a direct 

and positive influence on their bioavailability. Heterogeneity o f humic substances plays 

an important role in chelating these potentially toxic metals. Since heterogeneity is a 

major factor that obscures elucidation o f molecular structures o f humic substances, 

understanding chemical, structural, and molecular heterogeneity o f humic substancess has 

long been a focus o f environmental chemistry.
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1.3 Heterogeneity of humic substances

Heterogeneity of humic substances is both due to physical and chemical reasons: their 

heterogeneity results from the following three characteristic features:

1. Polyelectrolytic properties, due to the existence of a large number o f dissociable 

functional groups per molecule;

2. Poly functionality, due to the fact that they possess within the same molecule 

many complexing site types with different intrinsic binding energies;

3. Very large size (compared to “simple ligands” such as inorganic anions or amino- 

acids), resulting in conformational changes and aggregate formation, with the 

possible concomitant sterical changes within the complexing sites.

For a simple ligand, heterogeneity is defined as unity, orHeterogeneity parameter (r) = 1 

(which means homogeneous). As the heterogeneity o f a ligand increases, the value of T 

decreases. For natural systems, T values usually lie between 0.3 and 0.7 [7]. The same 

humic substance might have different heterogeneity for different metal ions for the 

following reasons:

1. Different complexing sites might be available to different metal ions.

2. The stabilities of the strongest and weakest sites titrated with the same metal 

might vary from metal to metal.

Heterogeneity of humic substances is dependent on pH and ionic strength, because of the 

availability o f range o f different binding sites at different pH and ionic strength [8]. 

Heterogeneity is related to the buffer intensity of the complexing system, which 

influences the capacity of natural waters to sustain life after metal pollution events.
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1.4 Interactions between Metals and Humic Substances

Dissolved Organic Carbon (DOC) is ubiquitous in the aquatic environment. In natural 

waters, 50-90% of the total DOC consists of humic substances [9], Humic substances in 

natural waters bind with potentially toxic metals, preventing them from becoming 

bioavailable and making the aquatic environment life-sustaining for biota. Humic 

substances in freshwaters react with metals in various ways, one of which is preventing 

their precipitation, and another is controlling the speciation and transport o f trace metals 

[10- 12].

In general terms, humic substances can be described as supramolecular associations of 

aromatic and aliphatic residues carrying carboxyl, phenolic and alkoxy group, although 

sulphate, ester, alanine, semiquinones, phosphate ester, and other moieties have been 

proposed for some humic isolates. The major functional groups in humic substances are -  

COOH, phenolic-OH, and alcoholic-OH groups. It has been reported that in humic 

substances, -60-90% of the acid groups are carboxylic and the remainder are phenolic 

[13]. These acid groups are weak binding sites, which comprise between 90-99% of the 

total binding sites on humic substances and form weak metal-humate complexes. The 

remaining -1-10%  of the total binding sites are strong binding sites, which from strong 

metal-humate complexes.

The extent o f metal complexation to humic substances in natural waters can be close 

to 100% for very reactive metals such as copper [14]. However, the extent o f metal 

complexation varies from metal to metal, and depends on the nature o f the humic
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substances and on the competition o f other trace metals with the target metal for the 

binding sites of humic substances [15-18].

Dissolved Organic Carbon (DOC), conctitutes about 40-80% of humic substances in 

natural waters, are used as surrogates of humic substances in study o f interactions of 

humic substances with metals in natural waters.

In natural waters, complexation o f trace metals by humic substances may be influenced 

by major cations [19] such as sodium, potassium, calcium and magnesium, which may be 

present at many orders o f magnitude greater concentrations (-10 ' M) than those o f trace 

metal ions (<10'8 M); their much greater concentrations outweigh their weaker metal- 

binding ability. The literature contains several reports of experimental studies on the 

competition o f major cations such as calcium and magnesium with trace metals such as 

copper and nickel for binding by humic substances [20-23]. Calcium has been reported to 

have no competitive effect on Cu(II)-humate binding under the experimental conditions 

used by Morel and Hering [24]. They concluded that different binding sites on the 

humate ligand must be involved in the calcium and copper binding. It has been reported 

by Cao et al. [20] that calcium does have a measurable effect on the binding o f trace 

metals such as Cd, Pb and Cu by humic acid; the effect, however, is pH-dependent. On 

the basis that calcium mainly forms outer-sphere complexes with ligands, Cao et al. [20] 

concluded that the effect o f adding calcium may be an overall change in electrostatic 

interactions. However, small but measurable competitions between calcium and copper in 

fulvic acid titrations have been reported by Cabaniss and Shuman [21], and by Sunda and 

Hanson [25]. More recently, Mandal et al. [22], reported that calcium and magnesium
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strongly compete with Ni binding to fulvic acid. Guthrie et al. [23] have reported similar 

trends o f humic acid at different pH values.

1.5 Interactions between metals and aquatic organisms

Interactions o f trace metals with organisms are very complex and are not completely 

known. A conceptual model o f metal-organism interactions [4] considered that 

internalization o f a metal is divided in two steps. First, the metal present in the water, 

complexed or not, diffuses through the diffusive boundary layer to the cell and binds with 

the active sites o f the cell membrane. Second, uptake of the metal by the cell occurs and 

the biological utilization o f the metal or its accumulation in the cell follows [26,27].

Figure 1.1: Conceptual model of metal-organism interactions (adapted from 

Campbell et al. 1995)

The Free Ion Activity Model (FIAM) was developed based on a convincing body of 

evidence that the free metal ion activity, not the total dissolved metal complexation, is the 

main factor influencing the bioavailability o f the metal and its potential toxicity to 

aquatic organisms [3, 4]. Symptoms of intracelluar toxicity include ultrastructural

Bulk Diffusion layer , Cell wall Membrane ^ ejj
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deformities, and reductions in cell division rate, respiration, photosynthesis, mobility, 

electron transport activity and ATP production. The goal of the FIAM was to predict the 

bioavailability o f a metal as function o f its free metal ion activity in water. The 

formulation of FIAM and the assumptions underlying it have been critically reviewed by 

Campbell [4]. Considering the interaction o f a free metal ion M2+ or a metal-ligand 

complex ML with the cell membrane forming a M-X-Cell complex (Figure 1.1), the 

concentration o f the surface complex [M-X-Cell] is proportional to the free metal ion 

concentration and is independent of the metal species considered. Assuming that [M-X- 

Cell] is proportional to the biological response, the M2+ concentration is the factor 

influencing the response o f the organism. The metal transport across the cell membrane 

occurs through physiologically active sites [28-30].

Competiting cations

M-DOC

Organic Complexes

Site of action

Inorsanic Complexes

Figure 1.2: Conceptual diagram of the Biotic Ligand Model (BLM) (Adapted from 

Di Toro et al, 2001)
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The FIAM was developed based on results obtained in laboratory studies and was mostly 

focused on the metal speciation. However, the FIAM was not sufficiently focusing on the 

cell membrane and its interactions with the different components o f water, which is 

essential for developing a precise model o f bioavailability. In natural systems, the water 

chemistry is much more complex than in model system o f synthetic media. Humic 

substances offer a large range o f binding sites for dissolved metals and considerably 

influence metal speciation [31]. Furthermore, major metals interact with the cell 

membrane and influence the number of sites available for the trace metal to bind. Based 

on the FIAM and on its intellectual desecendent, Gill Surface Interaction Model (GSIM) 

[32], Biotic Ligand Model (BLM) was formulated, introducing the concept o f biotic 

ligand.

Equilibrium control Kinetic control

Figure 1.3: Two limiting cases for control of metal binding to transporters (Adapted 

from Hudson 1998)
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Biotic ligand corresponds to the site o f action where the metal binds to the cell surface 

prior to its internalization and toxicity [33]. The BLM takes into consideration the 

competition between the biotic ligand and environmental ligands such as natural organic 

ligands (Figure 1.2). The formulation and the assumptions o f the BLM are very similar to 

the FIAM, but the BLM considers competing cations and competing ligands [33, 30, 34]. 

The assumptions and limitations o f the BLM were recently critically reviewed by 

Campbell et al. [34]. The case of the rate-limiting internalization is a critical point for the 

BLM. This model considers that there is no diffusion limitation from the bulk solution to 

the cell wall (Figure 1.1). The BLM assumes that the metal concentration at the cell wall 

is at chemical equilibrium with the biotic ligand. Two types o f controls (Figure 1.3) are 

considered at the cell wall [29]. The first is “equilibrium control”, in which rates of 

formation and dissociation of M-X-Cell with M2+ are equal and much greater than the 

biouptake rate. Internalization is then controlled by the equilibrium between metal bound 

to the biotic ligand and free metal ion concentration. The second is “kinetic control”, in 

which the rates o f formation and internalization are nearly equal and much larger than the 

dissociation rate. This situation implies that the metal bound to the biotic ligand is 

immediately internalized and that the biouptake is faster than the supply o f free M from 

the solution. The possibility o f uptake rate limitation due to kinetic control was raised by 

Hudson in 1998 [29]. The limits of these models and the possibility of a diffusional 

limitation of the metal was treated theoretically in a study comparing the diffusion and 

uptake fluxes under different conditions [35]. It was shown that, in case o f diffusion 

limitation, the biouptake was controlled by a labile form of the metal.
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It is well known that toxicity o f elements in aquatic system depends upon their physico

chemical forms. It is also well established that some metals (e.g., Cr, Mn, Fe, Co, Cu, Zn, 

Mo) and that metalloids (e.g., B, Si, Se) are essential for living organisms and that are 

necessary components o f some proteins, playing important physiological function. Their 

excess, as well as deficiency, may have serious consequences for aquatic biota. 

Therefore, determination of the total content (concentration) o f a selected element in the 

sample is not sufficient for estimation, for example, o f its bioavailability and toxicity, for 

which the distribution o f the element in various forms (i.e., its chemical speciation) is the 

determinant.

1.6 Chemical speciation

Chemical speciation: Definition o f speciation term is not very clear. In the literature, it is 

used with different meanings, depending on the purpose and nature o f the experimental 

work at hand. It is often used to denote detailed metal-species distribution in studies of 

synthetic or sufficiently simple solution, in which each metal species can be 

characterized.

The International Union for Pure and Applied Chemistry (IUPAC) has defined elemental 

speciation in chemistry as follows:

(i) Chemical Species. Chemical element: specific form of an element 

defined as to isotopic composition, electronic or oxidation state and/ or 

complex or molecular structure.
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(ii) Speciation analysis. Analytical chemistry: analytical activities of 

identifying and/or measuring the quantities o f one or more individual 

chemical species in a sample.

(iii) Speciation o f an element; speciation. Distribution o f element amongst 

defined chemical species in a system.

When elemental speciation is not feasible, the term fractionation is used and is defined as 

follows.

(iv) Fractionation. Process o f classification o f an analytes or a group of 

analytes from a certain sample according to physical or chemical 

properties.

In complicated environmental samples it is most often used to denote the differentiation 

between groups o f metal species (e.g., the whole o f labile complexes, colloidal species, or 

complexes with natural organic matter), for which the determination o f complete species 

distribution is not feasible. In such cases, different physicochemical forms o f metal in 

aquatic environment can be described by several parameters, such as labile fraction, 

dissociation rate coefficient o f M-DOC complexes, stability constant o f M-DOC 

complexes, diffusion coefficient, and heterogeneity o f humic substances. This thesis 

describes the importance o f verifying the validity o f these speciation parameters by 

employing different experimental techniques that can do speciation of metal complexes 

in natural waters.
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1.7 Methods for determination of speciation parameters

Determination o f distinct chemical species, often referred to as speciation analysis, is 

now widely acknowledged to be o f vital importance in environmental chemistry. Several 

methods are available to determine free metal ion concentrations in water. Because of the 

requirement o f very low detection limits and extremely high analytical sensitivity for 

quantitative determination o f very low concentrations o f metals present in natural waters, 

only a few analytical techniques have the required analytical sensitivity and selectivity to 

be classified as capable.

To determine extremely low free metal ion concentrations, an indirect method, the 

competing ligand exchange (CLE) coupled with differential pulse anodic/cathodic 

stripping voltammetry/ Adsorptive Cathodic stripping voltammetry (DPASV/DPCSV/ 

AdCSV) is generally used [36-39]. It consists of the addition o f a known ligand to sample 

o f natural waters, followed by the determination o f the labile metal concentrations, which 

allows the calculation of the free metal ion concentration by metal titration.

The Competing Ligand Exchange Method (CLEM) / Graphite Furnace Atomic 

Absorption Spectrometry (GFAAS) and CLEM / Adsorptive Cathodic Stripping 

Voltammetry (AdCSV) have the capability o f quantitatively determining labile metals in 

natural waters. The literature contains some publications on speciation o f trace metals by 

the Competing Ligand Exchange Method using other techniques, such as, Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS), and Inductively Coupled Plasma - 

Atomic Emission Spectroscopy (ICP-AES). These techniques are useful for studying the 

speciation chemistry o f trace metals in unpolluted ffeshwaters having very low
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concentrations o f metals and DOC [40-44]. However, published literature on studies of 

metal speciation in metal-polluted natural waters is scarce. Since GFAAS can tolerate 

much higher solid contents which eliminate sample dilution, it offers advantages [45] for 

polluted waters. CLEM/GFAAS has proved to be a powerful technique for highly metal- 

polluted aqueous effluents containing high ionic strength and high acidity.

AdCSV has many advantages over other applicable techniques. AdCSV using a 

Hanging Mercury Drop Electrode (HMDE) can detect very low concentrations of metals 

with high sensitivity and high precision in samples having a wide range o f pH values 

[46]. However, for metal speciation in natural waters, AdCSV suffers from adsorption of 

dissolved organic carbon on the HMDE. Humic substances contain hydrophobic organic 

regions that are easily adsorbed on the surface of HMDE, which prevents metal ions from 

undergoing electrode reaction at the electrode surface, resulting in a decrease in peak 

current and erroneous results. Despite the above disadvantages, AdCSV is one o f the 

most powerful techniques that is available for determination o f the speciation parameters 

of metals in natural waters.

Another very useful and relatively new technique to investigate free metal ion and their 

weak metal complexes in aqueous systems is Diffusive Gradient in Thin-Film (DGT) 

technique. The DGT technique has two distinct advantages over traditional techniques in 

that it ( 1) preconcentrates the analyte in the binding phase, and (2) eliminates matrix 

effects [47]. The DGT is based on mass transport control of the metal species of interest 

from natural waters [48-50], soils [ 51], and sediment pore waters [52, 53], and makes 

use of two hydrogel layers. For metals, it is based on the diffusion of free (hydrated)
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metal ions and labile soluble metal complexes at a known rate through a diffusive 

hydrogel o f known thickness, and successive immobilization o f the metal cations on a 

chelating resin. DGT Technique measures only dissolved species with molecular sizes 

sufficiently smaller than the pore size o f the hydrogel to allow them to diffuse freely 

through it, and which are sufficiently labile to bind on the resin's functional groups. The 

amount o f metal immobilized on the resin is a measure of the concentration o f available 

metal in the aqueous sample [54].

1.8 Windermere Humic Aqueous Model (WHAM VI)

Modelling chemical speciation is an important step in predicting metal speciation in 

freshwaters, especially in circumstances when direct measurement is difficult or 

prohibitively expensive. Many models such as MINTEQA2, GEOCHEM and more 

recently, the Windermere Humic Aqueous Model (WHAM), versions V and VI, and the 

Consistent Non-Ideal Competitive Adsorption (NICCA)-Donnan Model, have been used 

to model the metal speciation in freshwater systems. In modelling freshwaters for metal 

speciation, humic substances (HS), which are ubiquitous in the aquatic environment and 

which represent predominant fractions o f the dissolved organic carbon (DOC), have 

played an important role as naturally-occurring organic complexants for binding metals. 

The most important constituents o f HS are fulvic acid (FA) which is soluble in acids, and 

humic acid (HA) which is insoluble in acids. The earlier models, GEOCHEM and 

MINTEQA2, do not correctly describe the fulvic and humic acids, and are further 

hampered by their limited databases. The models that have been more widely used are 

WHAM, versions V and VI, and the NICCA-Donnan model. These models have been 

tested on numerous data sets that have been compiled by various authors.
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The NICCA-Donnan model, developed by Koopal et al., assumes a continuous 

distribution of binding sites and takes into account both the electrostatic effects o f major 

cations such as Ca2+ and H+ and the heterogeneous nature o f the binding sites on HS. It 

has been applied to trace metals such as Cu, Cd, Pb and Al. However, one serious 

drawback o f the NICCA-Donnan model is that it assumes monodentate metal binding to 

HS, which has led to problems when modelling Cu. Lack of sufficient data sets has also 

made it difficult for the NICCA-Donnan model to model such metals as Al and Pb 

WHAM, developed by Tipping et al., is an equilibrium-based model that assumes 

discrete-site electrostatic binding. It draws on a number of sub-models which have been 

calibrated against literature data. Many studies using WHAM have been done with the 

objective o f parameterizing the Model.

In WHAM version VI, fulvic and humic acids are pictured as rigid spheres o f uniform 

size with ion-binding groups positioned on the surface. Proton dissociation is represented 

by postulating eight groups o f different acid strengths; the four lowest pAA values (type 

A) consist mainly of carboxylic acid groups, while the remaining four (type B) have 

higher pKA  values and consist mainly of phenolic acids. There are equal numbers of 

binding sites within each group, and the content of sites in each type B group is half that 

in type A groups. The regular assignment o f proton binding sites allows for the 

representative creation o f bidentate and tridentates metal binding sites. Metal ions and 

their first hydrolysis products compete with each other and with protons for the type A 

and type B groups.

In order to appraise the applicability o f WHAM for freshwater samples, WHAM 

predictions need to be compared with measured concentrations. One important parameter
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to consider is the [M2+], which has been reported to be a predictor o f ecotoxicity. WHAM 

is able to predict [M2+] given some easily determined input parameters such as pH and 

concentrations o f total metals, dissolved anions and cations, and DOC. Accurate 

determination o f [M2+] in freshwaters is an important requirement for studying the 

interactions o f metals with natural organic ligands in freshwaters. WHAM predictions are

9 +used as “checks” against the measured [M ].

1.9 Significance of the mine and municipal effluent from Sudbury 

mining area for metal speciation studies

Atmospheric deposition from smelting operations and discharge of mines and municipal 

effluents in Sudbury [400 km north o f Toronto, ON, (46°37’ N, 80° 48’W)], Canada, has 

resulted in metal contamination o f freshwater resources. Sudbury is known as the Nickel 

City because o f its nickel and copper mines.

Sudbury's mineral wealth is shared by Inco Limited (founded 1902), and Falconbridge 

Limited (1928). Some o f the original mines, such as Creighton Mine, are still producing 

today. Both companies built massive infrastructures to treat their ores, and for many 

years there were three smelter sites operating in the area - Inco Limited processed ore in 

Copper Cliff (still in operation), and Coniston, while Falconbridge Limited continues to 

treat its ores in the town o f Falconbridge. Nickel, copper, cobalt, arsenic and other 

metals are always found as naturally-occurring elements in soils and in freshwaters, but 

several studies have reported elevated levels in some parts of the Sudbury Basin and 

freshwater resources, particularly in areas close to the historic smelting sites. The
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consensus is that over the years, smelting and refining activities have gradually increased 

these metal levels.

A significant fraction o f the flow of many rivers consists o f mine and municipal 

wastewater effluents. The discharge of large volume of mine and municipal effluents can 

result in the exposure of humans and aquatic organisms to a variety o f different 

wastewater-derived contaminants including high concentrations o f free metal ions and 

their labile complexes.

1.10 Effect of metals on human health

Mine effluents containing high metal concentrations when they are discharged into

receiving stream of freshwaters may have adverse effects on fish and other aquatic 

organism in natural waters. Depending on the physicochemical forms of the metal, the 

metal accumulation in aquatic bioorganisms varies. Fish habitats are also exposed to 

these toxic metals and may face toxic effects. Ni, Cu and Pb (metals o f our interest) have 

adverse effect on human health, which is briefly discussed below.

Effects o f copper on human health:

Long-term exposure to copper can cause irritation o f the nose, mouth and eyes and it 

causes headaches, stomachaches, dizziness, vomiting and diarrhoea. Intentionally high 

uptakes o f copper may cause liver and kidney damage and even death. 

There are scientific articles that indicate a link between long-term exposure to high 

concentrations o f copper and a decline in intelligence o f young adolescents. Whether this

should be o f concern is a topic for further investigation.
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Effects o f nickel on human health:

In small quantities nickel is essential, but when the uptake is too high it can be a danger 

to human health. An uptake of too large quantities o f nickel has the following 

consequences: higher chances o f development of lung cancer, nose cancer, larynx cancer 

and prostate cancer, lung embolism, respiratory failure, birth defects, asthma and chronic 

bronchitis and heart disorders.

Health Risks of Lead Exposure

Short-term exposure to high levels o f lead can cause vomiting, diarrhea, convulsions, 

coma or even death. Severe cases o f lead poisoning are rare in Canada. However, even 

small amounts o f lead can be harmful, especially to infants, young children and pregnant 

women.

1.11 Hypothesis and Objectives

The objective of this work is to test the hypothesis that stability and lability o f metal 

complexes o f humic substances in natural waters are determined by the [metal]/[ligand] 

mole ratio, and the heterogeneity o f the humic substances. The hypothesis will be tested 

by investigating the chemical bonding of nickel and other 3d transition metals with well- 

characterized fulvic and humic acids, separately, in the laboratory by using model 

solutions, and field samples o f metal complexes o f humic substances, including mining 

and metallurgical effluents from mining and municipal areas in Sudbury, Ontario. The 

investigations will include study the nature o f their chemical bonds (covalence and 

electrovalence bond) and their strengths (stability constants) in model solutions and in 

natural waters. The hypothesis testing will involve further development and testing of the
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following metal speciation techniques: Competing Ligand Exchange Method (CLEM) / 

Adsorptive Stripping Voltammetry (AdSV); CLEM/ Graphite Furnace Atomic 

Absorption Spectrometry (GFAAS) and Diffusive Gradient in Thin Film (DGT) 

Technique in investigating chemical heterogeneity of humic substances in natural waters.

1.12 Outline of the Thesis

C hapter 2 attempts to validate the method used to determine the percentage of labile 

fraction o f metal-DOC complexes and their dissociation rate coefficients in mine and 

municipal effluents by using two independent techniques, viz. CLEM/AdCSV and 

CLEM/GFAAS. These two methods were previously used in this laboratory and were 

applied to model solutions. However, application of CLEM to a complicated system like 

mine effluents which contain multimetal mixtures was not previously done and is 

essential for further applications. Experiments performed to confirm the applicability of 

CLEM in mine effluents are described. This work was published in Analytical and 

Bioanalytical Chemistry (Chakraborty et al., 2006) [55].

C hapter 3 explores the lability of DOC complexes o f Co, Ni, Cu, and Zn in the mining 

effluent, and investigates the effects of dilution of the effluent on the release o f metals 

from the metal-DOC complexes. This study was done using CLEM/AdCSV on effluent 

samples from Copper Cliff Mine, Sudbury, Canada, using two samples o f the effluents: 

one, undiluted (100%) effluent, and the other, diluted (45%) effluent. The dilution was 

done by Inco Limited with laboratory tap water in order to determine the effects of 

dilution on the metal complexes in the effluents when they were discharged into
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receiving streams of freshwaters. The concentration o f 45% was selected by Inco Limited 

as an environmentally relevant concentration on the basis o f rates of discharge into 

Junction Creek watershed and volume calculations.

This work also shows that changes in the ionic strength produces conformational changes 

along with aggregation and precipitation o f the DOC. Changes in electrostatic 

interactions between the metal cations and the humate polyanions is also described. This 

work was published in Analytica Chimica Acta (Chakraborty & Chakrabarti, 2006) [56].

C hapter 4 aims to evaluate the performance of the diffusive gradient in thin film 

technique for speciation of metals in mine effluent aqueous samples, collected from 

Copper Cliff Mine, Sudbury, Canada. The results of metal speciation in mine effluent 

sample obtained by the above technique were compared with the data obtained by using 

Competing Ligand Exchange Method (CLEM)/ Adsorptive Cathodic Stripping 

Voltammetry (AdCSV) presented in Chapter 3. Chapter 4 explores the lability of DOC 

complexes o f nickel, copper, in mine aqueous effluents, and investigates the effects o f 

dilution o f the effluents with laboratory water on the lability o f metal complexes. It was 

found that the percentages o f labile fraction o f copper in 100% and 45% effluent samples, 

as well as, labile fraction of nickel in 100% effluent, both determined by the above 

technique were lower than those determined by CLEM/AdCSV. Also, the percentage of 

labile fraction o f total nickel in 45% of the aqueous effluent determined by the DGT 

technique did not agree with the electrochemical speciation results. Comparison o f these 

two sets o f speciation data suggest that Cu(II) in undiluted 100% and diluted 45% mine 

effluents formed small-sized and large-sized labile complexes. However, larger
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complexes cannot be determined by the DGT technique. Labile Ni(II) complexes in the 

100% undiluted effluent had diffusion coefficients similar to that o f nickel aqua complex, 

and hence, can be bioavailable. Speciation data by these two techniques are 

complementary and provide a more comprehensive picture and a better insight into the 

physical and chemical characteristics of the metal species than either the DGT technique 

or the metal-complex dissociation kinetics alone can do. This work has been submitted to 

Environmental Chemistry (Chakraborty et al., 2007), for publication [57].

C hapter 5 attempts quantitative determination o f speciation parameters o f trace metals: 

Cu, Zn, Cd and Pb in aqueous samples containing chemically heterogeneous humic 

substances simultaneously in a single run. Since chemical heterogeneity o f humic 

substances plays an important role in the thermodynamics (metal complex stability) and 

kinetics (metal complex lability) o f trace-metal competition by humic substances, 

Scanned Stripping Voltammetry that can reveal special, distinctive nature o f metal- 

complexation, has been used in this study. A comparison of heterogeneity parameters (T) 

for Zn(II), Cd(II), Pb(II) and Cu(II) complexes in model solutions o f Suwannee River 

Fulvic Acid (SRFA) shows that Ted >Tzn >Tpb >Tcu, suggesting that SRFA behaves as a 

relatively homogeneous complexant for Zn(II) and Cd(II), whereas it behaves as a 

relatively heterogeneous complexant for Pb(II) and even more heterogeneous complexant 

for Cu(II) under the experimental conditions used. The order o f Differential Equilibrium 

Function (DEF), logK* values at pH 5.00 follow the sequence: logKcu* > logKpb* > 

logKZn* > logKcd*.These results are in good agreement with the literature values. 

Significant contribution o f this work is the possibility o f simultaneous determination of
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several metals in a sample in a single experiment, and hence, in a shorter time than taken 

by multiple experiments. This work was published in Analytical and Bioanalytical 

Chemistry (Chakraborty et al., 2007) [58].

C hapter 6 The apparent stability and lability o f any target metal-HS complexes depend 

on the competition o f the trace metal ions with the target metal for complexation with 

heterogeneous humic substances. Factors which control the trace metals competitions in 

natural water system are the stability o f (logK*) of M-Humate complexes and the 

heterogeneity o f the humic substances. In this chapter Pb(II)-SRFA complexation and the 

trace metal competition o f Cu(II), Zn(II) and Cd(II) for the binding sites o f SRFA in 

model solution were explored. Relatively few studies have considered the consequences 

o f ligand heterogeneity on trace metal ions complexation by humic substances.

This work has been submitted to Analytical and Bioanalytical Chemistry (Chakraborty et 

al., 2007) [59],

C hapter 7 Presents an overall conclusion for the whole thesis.
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2.1 Introduction

Laboratory method validation typically refers to the process o f evaluating the 

performance of the test methodology. It is often necessary to determine the acceptability 

of the data generated in laboratory speciation analysis. The goal o f this chapter is to 

provide evidence that the CLEM can be applied to complex mine aqueous effluents 

containing multimetal mixtures for metal speciation studies.

This chapter attempts to apply the method used to determine the labile fraction of metal- 

DOC complexes and their dissociation rate coefficients in mine and municipal effluents 

by using two independent techniques, viz. CLEM/ AdCSV and CLEM/GFAAS. These 

two methods were previously used in this laboratory and were validated in model 

solutions [1] (less complex compared to mine effluents). However, application o f CLEM 

in a complex system like mine effluents which contain multi-metal mixtures was not 

previously done and was essential for further applications. Experiments performed to 

confirm the applicability o f CLEM in mine effluents are described.

Because o f the requirement o f very low detection limits and extremely high analytical 

sensitivity for quantitative determination of very low concentrations o f metals present in 

natural waters, the CLEM / Graphite Furnace Atomic Absorption Spectrometry (GFAAS) 

and CLEM / Adsorptive Cathodic Stripping Voltammetry (AdCSV) were used to 

determine the applicability o f CLEM.

In this work, the kinetic speciation of nickel in mining and municipal effluents (collected 

from Sudbury, Ontario) was studied by using two variants o f CLEM: AdCSV using 

DMG as the competing ligand, and GFAAS using Chelex 100 as the competing ligand.
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Since the freshwater environment is often a non-equilibrium system, kinetic approaches 

to the chemical speciation o f metals are required in addition to the usual equilibrium 

approaches [2-7] in order to obtain a more complete picture o f trace metal speciation, 

which influences toxicity to biota in fresh waters.

This study includes undiluted mining and municipal effluents (aqueous) and diluted 

effluents (diluted with receiving freshwaters from the surrounding environment). The 

mixing (dilution) ratios and the receiving waters used for the dilution o f the effluents 

(45% and 30%) were arbitrarily chosen, but were representative o f the prevalent mining 

practices. The purpose o f the above dilution was to mimic the natural waters that result 

from dilution o f the mining and municipal effluents with receiving freshwaters so that 

this study would deal with the environmental realities that are o f concern to the managers 

and regulators of water resources.

The aim o f this work was to confirm the applicability o f CLEM in mine and municipal 

aqueous effluent and to determine the effects o f mixing of mining and municipal 

effluents from the Sudbury (Canada) nickel-bearing areas with receiving freshwaters on 

the nickel speciation in the resulting waters, using two independent techniques.

2.2 The Kinetic Model

The kinetic model proposed by Olson and Shuman [8] was adapted [9, 10] to investigate 

the kinetic speciation o f nickel in mining and municipal effluents. Consider a water 

sample o f n components, in which each component, ML,-, exists in equilibrium with its 

dissociation products: the free metal ion (i.e. the metal aqua complex), M, and a naturally 

occurring, heterogeneous complexant, L,-, such as humic acid (charges have been omitted

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



34

for simplicity). The subscript, /, represents different binding sites on the naturally- 

occurring heterogeneous complexant.

kd.i
MLf ( >M + L,- (Slow) ( 1)

H i

M + P ----- >M-P  (Fast) (2)

where the formation and dissociation rate constants, kf,,- and kd,,-, are coupled by the 

stability constant, K = kf / k j  , through the principle o f microscopic reversibility.

If each complex, ML,-, dissociates simultaneously and independently (at a rate that 

depends on the nature of the functional group, its position on the macromolecule, and the 

residual charge), the concentration of the free metal ion, cu,  and the total concentration of 

all complexes, cml, at any time, t, is given by a summation o f exponentials as shown in 

equations 3 and 4, respectively.

CM (t):= Z  CML/ • [1 -  e x P(~kd,z • 01 (3)
i=1

n
CML(t) = X cM L rexP (-kd , r O  (4)

i=1

where is the initial concentration of ML,- and cml,/(0  the concentration o f ML,- 

at any time, /.

The model assumes that 1) the reactions are first-order and pseudo-first-order; 2) reaction 

(2) is much faster than reaction ( 1), so that reaction (1) is the rate-determining step, and 

the measured kinetics then represent the kinetics o f the dissociation o f the metal complex, 

ML,., 3) ML does not directly (i.e. without predissociation) react with the Chelex resin,
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and 4) the ratio between the concentrations o f complexed metal and free metal is much 

larger than unity (i.e. cml / cm < 1).

N on-Linear Regression Analysis fo r  K inetic measurement.

Analyzing experimental data to obtain physical parameters is a crucial point in the kinetic 

speciation method. In this paper, data was fitted to the kinetic model by non-linear 

regression analysis using the Marquadt-Levenberg algorithm. The minimum number of 

parameters required to accurately fit the data was determined by finding the number of 

components in which the sum of square o f the weighted residuals shown below achieved 

a minimum value.

Sum of squares o f the weighted residuals = ̂
C ( t ) - C T(t)

C(t)1/2

where, C(t) is the experimental value and Ci(t) is the calculated value using the 

parameters obtained from the regression analysis.

For a polyfunctional, complexant such as fulvic acid, the number o f components is not a 

simple issue. The small number o f components with specific rate constants may not 

accurately describe the chemistry o f the binding sites o f the fulvic acid. A binding site 

may have a range o f binding energy because o f the heterogeneous nature of fulvic acid. 

This in turn will lead to a distribution of values for the dissociation rate constants for the 

complexes. Nevertheless, the specific rate constants may represent an average value for a 

group o f complexes on a particular site.
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2.3 Experimental

2.3.1 Reagents an d  Chemicals

Ultrapure water o f resistivity 18.2 MQ/cm was obtained direct from a Nanopure 

Diamond water purification system (Bamstead, USA) fitted with an organic purification 

column to remove organic matter. Stock solutions of 10 pg/mL each o f Ni(II) and Cu(II) 

were prepared by dilution o f 1000 pg/mL stock solutions (ICP grade, SCP Science) with 

ultrapure water, acidified to contain 1% (v/v) ultrapure nitric acid (Baseline grade, 

Seastar). Working standards were prepared by serial dilution with ultrapure water. 

Ultrapure nitric acid (Baseline, Seastar Chemicals) 1% (v/v) was added to all standard 

solutions to prevent metal loss by adsorption on the container walls. A stock solution of 

0.1 M DMG (Fisher Scientific) was prepared by dissolving an appropriate mass o f solid 

DMG powder in methanol (Spectro grade, Caledon). Analytical grade (minimum 99% 

pure) Chelex 100 resin (Bio-Rad, 100-200 mesh, sodium form) was prepared by washing 

it with 150 mL of ultrapure water. All containers used in this work were pre-cleaned by 

soaking in 10% HNO3 (AR grade) for one week at room temperature, followed by a five

time rinse with ultrapure water. Finally, they were soaked in ultrapure water until they 

were used.

2.3.2 Analytical M ethods

For the kinetic study by CLEM/AdCSV, an Autolab PGSTAT30 (Eco Chemie), 

controlled by a personal computer and equipped with a Metrohm 663 VA stand was used. 

The working electrode was a Hanging Mercury Drop Electrode (HMDE), the reference 

electrode an Ag/AgCl electrode in a glass tube filled with 3M KC1, and the counter
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electrode a Pt wire (Metrohm). The test solutions (of the effluent samples and the model 

solutions) were purged for 10 min. with ultrahigh purity nitrogen gas. The competing 

ligand in large excess (500-fold greater than the metal) was added to the test solution just 

prior to the start o f the kinetic experiment. Experimental conditions viz. deposition 

potential, deposition time, step potential and frequency were optimized as shown in Table 

2 . 1.

A Perkin-Elmer 4100ZL Zeeman graphite furnace atomic absorption spectrometer 

(GFAAS) Zeeman background correction, equipped with an AS-40 autosampler, and an 

HGA-600 graphite furnace was used for the kinetic study by CLEM/GFAAS. The 

transversely heated graphite tubes (Perkin-Elmer) were pyrolytically-coated, and were 

equipped with integrated L ’vov platforms. The signal was measured in the peak area 

mode. Each completed determination was followed by a 2-s clean-up cycle o f the 

graphite tube at 2400°C. During the drying, ashing and clean-up cycles, the internal argon 

gas was passed through the furnace at 300 mL/min, but the gas flow was interrupted 

during the atomization step. The instrumental parameters: drying temperature, ashing 

temperature and atomization temperature are presented in Table 2.2. The signal was 

measured in peak area mode. Concentrations were determined by external calibration. 

Every fifth sample analyzed was a blank. All measurements were done in quadruplicate. 

The variation between each replicate samples was less than 5% and the daily variation 

was less than 5%. The GFAAS was equipped with a Teflon Reactor, described below in 

Figure 2.1. Two and a half grams (1% w/v) o f Chelex 100 was added to 250 mL of the 

sample solution in a cylindrical Teflon Reactor (500 mL volume). The sample solution 

was stirred continuously with a Teflon-coated stirring bar, and was filtered with an online
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0.40 pm polycarbonate membrane filter (Coming) to separate the Chelex 100 resin. 

Aliquots o f the filtrate were collected in 1.5-mL sample cups (VWR) using a peristaltic 

pump. The changes in the pH of the test solutions between the beginning and the end of 

the experiment were found to be < ± 0.5 pH units.
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Figure 2.1 Experimental set-up for kinetic experiments.
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Table 2.1. Optimized electrochemical parameters for the determination o f kinetic 

speciation o f nickel in Sudbury mining and municipal effluents by Square 

Wave Adsorptive Stripping Voltammetry using DMG as a competing ligand

Pretreatment

Purge Time (s) 500

Conditioning Potential (V) 0

Duration (s) 0

Deposition Potential (V) -0.6

Duration (s) 45

Equilibration Time (s) 15

Measurement

Frequency (Hz) 10

Potential

Initial Potential (V) -0.6

End Potential (V) -1.2

Step Potential (V) 0.005
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Table 2.2. Optimized Ashing and Atomization Temperatures for Determination o f Nickel 

in Mine Aqueous Effluents by Graphite Furnace Atomic Absorption 

Spectrometry.

Step Step

Description

Temp

(°C)

Ramp 

Time (s)

Hold 

Time (s)

Internal

Flow

Gas-Flow

Type

1 Initial Drying 110 1 30 250 Normal

2 Final Drying 130 15 30 250 Normal

3 Ashing 1100 10 20 250 Normal

4 Atomization 2300 0 5 0 Normal

5 Cleanout 2400 1 3 250 Normal
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2.3.3 Q A /Q C

Quality control for metal analyses included repeated injections and periodic (one per hour 

in every two-hour operation o f the equipment) analysis o f the Certified Reference 

Standard, NIST 1640. A prior set o f samples was reanalyzed if  the measured value 

differed from the certificate value by > 10%. The relative standard deviation among 

replicate determinations was typically <5% .

2.4 Sam pling Sites

Mine effluent samples were collected in October 2005 from several sampling sites in the 

Sudbury area (Figure 2.2); Sudbury municipal effluents were also collected at the same 

time. The effluent samples were from Copper Cliff Mine, Crean Hill Mine, Garson Mine 

and the receiving water samples were collected from the Vermillion River. A 0.45pm 

membrane filter (CN-6 Metricel, 47 mm diameter, 150pm thickness, Gelman Sciences, 

Inc) was used to separate particulates from dissolved species in the water samples in this 

study. This filter is made o f mixed cellulose esters and has the advantage o f providing 

filtrates having low blanks for the metals.
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Figure 2.2 Map of the sampling area of Sudbury, Ontario and the mines
investigated
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2.5 Results and Discussion

The concentrations o f nickel, DOC, and other chemical properties o f the samples are 

presented in Table 2.3. Higher concentrations o f dissolved nickel were observed in 

Copper Cliff Mine effluent, Crean Hill Mine effluent and Sudbury Municipal effluent 

compared with Garson Mine effluent and Vermillion River water. However, the 

dissolved concentrations o f nickel do not represent the bioavailable nickel species

• • 'J  Ibecause DOC can complex nickel, thereby reducing the concentration o f the Ni free 

metal ion [11]. Since water quality depends on the presence o f potentially toxic metal 

species, which is strongly influenced by interactions o f nickel with DOC, it is necessary 

to study the interactions o f nickel with DOC in natural waters.

The binding capacity and affinity for metal binding is dependent on the number and type 

of ligands, on their position in the structure o f the complexants, on the metal/binding sites 

ratio, pH, ionic strength and other factors [12]. Humic substances, which are ubiquitous 

in the aquatic environment, are known to posses strong binding sites accounting for -1 - 

10% of the total sites and weak binding sites accounting for -90-99%  of the total sites 

[13]. A relatively high concentration o f DOC was found in Sudbury Municipal effluent 

(23.22 mg/L), whereas Garson Mine effluent had the lowest concentration o f DOC (2.9 

mg/L). The Ni/DOC ratios for each sample are presented in Table 2.4. The nickel-to- 

DOC ratio usually determines the distribution o f metal among the kinetically 

distinguishable components of the complexes. However, the above situation is even more 

complicated for mine and municipal effluents as a result o f the competition o f trace metal 

ions with nickel for the same binding sites o f DOC, the screening effect o f major cations, 

and the different binding capacities of DOC from different sources.
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Table 2.3. Some chemical properties o f the mine aqueous effluent water samples collected from Sudbury area, Ontario.

Vermillion River 
Water (VRW)

Copper Cliff Mine 
Effluent (CCME)

Garson Mine Effluent 
(GME)

Crean Hill Mine 
Effluent (CHME)

Sudbury Municipal 
Effluent (SME)

Mixture 1 Mixture 2

pH 6.7 7.6 7.9 7.5 6.5 7.0 7.10
Conductivity (mS/m) 20.1 359.0 255.0 26.9 76.3 157.1 179.2
DOC (mg/L)a 9.90 6.32 2.90 3.37 23.21 7.12 5.04

[M ]b

Ni 7.2 x 10'7 1.7 x 10‘6 7.7 x 10'7 1.7 x 10'6 1.3 xlO'6 1.3 x 10'6 1.2 x 10'6
Zn 2.8 x 10'7 9.9 x 10‘7 4.8 x 10‘7 2.4 x 10'7 1.4 x 10‘6 8.3 x 10'7 6.0 x 10'7
Cd 8.9 x 1011 1.8 x 10'9 6.0 x 1 0 11 3.6 x 10'10 6.1 x 10‘10 8.3 x lO’10 8.8 x lO'10
Cu 2.0 x 10'7 2.3 x 10’6 1.8 x 10'7 8.9 x 10'8 3.2 x 10'7 8.8 x 10'7 1.2 x 10‘6
A1 2.6 x 10'6 1.4 x 10'6 1.7 x 10'6 6.7 x 10'7 1.8 x 10'6 1.9 x 10'6 2.1 x 10'6
Co detectable 2.9 x 10'8 detectable 1.4 x 10'8 5.7 x 10‘9 8.4 x 10'9 8.3 x 10'9
Pb 2.1 x 10'9 2.7 x 10'9 3.6 x 10'9 3.3 x 10‘9 2.9 x 10'9 2.4 x 10‘9 2.4 x 10'9
Mn 4.7 x 10'8 6.2 x 10‘8 3.9 x 10'8 1.9 x 10'7 5.2 x 10'8 5.4 x 10'8 5.4 x 10‘8

Major Cations (M )c

Mg 8.3 x 10-4 1.0 x 10'3 1.2 x 10'3 ND 8.8 x 10-4 1.1 x 10‘3 1.0 x 10'3
Ca 4.7 x lO-4 7.8 x 10'3 3.9 x 10'3 8.1 x lO-4 8.4 x 10-4 4.3 x 10‘3 5.8 x 10'3
Na 2.0 x 10-4 6.6 x 10'3 10.2 x 10'3 1.6 x 10-4 5.4 x 10'3 5.1 x 10'3 4.2 x 10-4
K 7.8 x 10'3 7.1 x 10'3 5.6 x 10‘3 4.5 x 10‘5 7.4 x 10'3 1.2 x 10'2 4.0 x 10'3

Major Anions (M) d

F 5.6 x 10‘5 3.1 x 10-4 4.3 x 10-4 1.2 x 10'5 ____ 4.5 x 10-4 4.6 x 10"4
Cl 2.7 x lO-4 2.4 x 10'3 8.1 x 10'3 7.1 x 10'5 — 7.5 x 10-4 1.3 x 10'3
n o 3 ND 8.6 x 10'5 5.2 x 10'4 1.1 x 10'5 — ND 3.3 x 10-4
S 0 4 2.2 x IQ-4 2.1 x 10’2 7.4 x 10‘3 7.1 x 10-4 — 8.4 x 10‘3 5.4 x 10'3

a Determined by Shimadzu Total Organic Carbon Analyzer, Model TOC-VCSH; b Determined by ICP-MS; c Determined by Thermo Jarrel 
Ash IRIS Radial Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES); d Determined by Dionex Series 4000i Ion 
Chromatograph; Mixture 1: 45% CCME + 55% VRW; Mixture 2: 30% CCME + 30% VRW + 40% SME. ND: could not be determined; — : 
not enough samples to do the analysis.
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Table 2.4. Some important chemical properties o f the mining and municipal aqueous 

effluent samples

Sample pH Conductivity
(mS/m)

[Ni]xotal
(M)

DOC
(mg/L)

[N iW ID O C ]
(M in mg/L)

Vermillion R iver W ater 
(VRW)

6.7 20.1 7.2 x 10'7 9.90 0.015

Copper C liff Mine Effluent 
(CCME)

7.6 359.0 1.7 x 10'6 6.32 0.053

Garson M ine Effluent 
(GME)

7.9 257.0 7.7 x 10‘7 2.90 0.053

Crean Hill Mine Effluent 
(CHME)

7.5 255.0 1.7 x 10'6 3.37 0.096

Sudbury M unicipal Effluent 
(SME)

6.5 76.3 1.3 x 10'6 23.22 0.011

M ixture 1 7.1 179.2 1.2 x 10'6 5.04 0.046

M ixture 2 7.0 157.1 1.3x 10’6 7.12 0.032

Mixture 1: 45% CCME + 55% VRW.

Mixture 2: 30% CCME + 30% VRW + 40% SME.
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2.5.1 K inetic speciation o f  nickel by CLEMZAdCSV

The kinetic data from the undiluted and diluted samples are presented in Figs. 2.3 and 

2.4, respectively. The signal in CLEM/AdCSV was measured in the peak height 

mode. The relative concentration o f free nickel released during the reaction is given 

by the quotient i f i 0, where ip represents the current observed with the sample, and i0 

represents the current observed for a reference solution o f nickel with no 

complexation. Each curve in Figs. 2.3 and 2.4 shows two distinguishable features: a 

quickly rising section that represents the rapid dissociation o f weak Ni(II)-DOC 

complexes, weak inorganic complexes and free Ni2+ ion, and a very slowly rising 

section that lies almost parallel to x-axis, which can be attributed to strong Ni(II)- 

DOC complexes. The data in Figs. 2.3 and 2.4 were fitted to the Kinetic Model (Eq. 

3) by non-linear regression analysis using Marquardt-Levenberg algorithm. The 

results are presented in Table 2.5. Although these data were fitted to a simplified 

equation, it is necessary to note that the systems are complex. The first part o f all 

curves in Fig. 2.3 is almost indistinguishable from one another, suggesting that it 

represents dissociation o f nickel complexes having very similar dissociation rate 

constants; probably, they are all metal complexes o f low thermodynamic stability and 

are labile. The highest % o f nickel released (ip/io %) from Ni(II)-DOC complexes 

was observed in Crean Hill Mine effluent, followed by Copper Cliff Mine effluent, 

and Vermillion River water. The lowest fraction o f nickel released was observed in 

Garson Mine effluent. Figure 2.3 shows that in Crean Hill Mine effluent, 86% of total 

dissolved nickel is labile, and 76.2% of total nickel in Copper Cliff Mine effluent is
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Figure 2.3 The percentage o f Ni(II) released (/p//0)% from Ni(II)-DOC complexes in 

mine aqueous effluent water samples, determined by CLEM/AdSV. DMG 

was the competing ligand. <■>, Crean Hill Mine effluent; (O ), Copper

Cliff Mine effluent; (A), Vermillion River water; (O ), Garson Mine 

effluent. Solid lines represent non-linear curve fitting.
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Figure 2.4 The effect o f dilution on the percentage o f Ni(II) released (/p//0)% from 

Ni(II)-DOC complexes in Copper Cliff Mine aqueous Effluent, 

determined by CLEM/AdSV. DMG was the competing ligand. (•), 

100% Copper Cliff Mine effluent; (o), Mixture o f 45% Copper Cliff 

Mine effluent and 55% Vermillion River water sample; (A) ,  30% 

Copper Cliff Mine effluent, 30% Vermillion River water and 40% 

Sudbury Municipal effluent. Solid lines represent non-linear curve 

fitting.
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Table 2.5. Kinetically distinguishable components o f nickel speciation by

CLEM/AdSV using DMG as the competing ligand.

Samples C i(% ) C2(% ) ki (xlO’3), s’1 k2 (xlO'5) , s'1

Vermillion R iver W ater 
(VRW)

69.0 ± 2 .0 30.6 ± 1.2 10.2 ±0.5 1.0± 0.5

Copper C liff M ine Effluent 
(CCME)

Garson Mine Effluent

75.2 ±2.5 24.8 ± 2.6 10.3 ± 0.6 5.1 ±0.5

(GME) 66.6 ± 2.6 33.4 ± 1.1 1.2 ± 0 .4 8.6 ±0.5

C rean Hill M ine Effluent 
(CHM E)

86.0 ±2.7 14.1 ±1.8 5.7 ± 0 .4 1.2 ±0 .4

Sudbury M unicipal Effluent 
(SME)

— — — —

M ixture 1 

M ixture 2

75.9 ± 3 .0 23.9 ±2.2 3.5 ±0 .2 1.1± 0.2

91.2 ±2.1 9.2 ± 1.4 2.4 ±0.1 1.0 ± 0.1

Mixture 1: 45% CCME + 55% VRW.

Mixture 2: 30% CCME + 30% VRW + 40% SME.

— could not be determined by CLEM/AdSV because o f adsorption o f organics on the 
electrode.
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labile. Vermillion River water, which has almost the same concentration o f dissolved 

nickel as Garson Mine aqueous effluent shows similar i / i 0 % (-66.0% vs 69.0%).

The dissolved concentrations o f nickel in Crean Hill Mine aqueous effluent (pH 7.5) 

and in Copper Cliff Mine effluent (pH 7.6) were similar. The increase in release of 

nickel from Ni(II)-DOC complexes in Crean Hill Mine effluent was probably due to 

higher nickel-to-DOC ratio (Table 2.4). The dissociation rate constant o f the fastest 

component (labile) in Copper Cliff Mine effluent (kdi) was found to be 1.03 x 10'2 s'

t  o j .  'y |

, suggesting that it probably represents the Ni free metal ion [i.e. Ni(H20)6 ] and 

other labile nickel species. Lavigne et al. [14] reported, Ni(H20)62+ species with a 

rate constant o f 0.62 s '1. Garson Mine effluent containing the lowest nickel-to-DOC 

ratio o f all the samples o f mining and municipal effluents released the lowest 

percentage of nickel from Ni(II)-DOC complexes among all the samples. The fastest 

component, cj, with the dissociation rate constant (kji) for Ni(II)-DOC complexes in 

Garson Mine effluent was found to be 1.2 x 10"3 s '1. The data for the kinetic 

speciation o f nickel in Sudbury Municipal effluent is not available because it 

contained very high concentration of DOC, which probably resulted in the adsorption 

of DOC on the surface o f the hanging mercury drop electrode and prevented its 

proper functioning.

The pH was found to have a strong effect on the extent of binding as is the case for 

any weak acid ligand whose apparent affinity for a metal would increase with pH. 

This effect is exacerbated by the increase in coulombic attraction o f the metal ion to 

the binding sites as the humic acid (a major part o f DOC) becomes deprotonated [15] 

at higher pH. Similarly, even though Vermillion River water is rich with DOC the
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lower pH in Vermillion River water (pH 6.7), has probably resulted in weaker nickel 

species by reducing the degree of deprotonation o f the DOC.

Copper Cliff Mine effluent was diluted with Vermillion River water as follows: 45% 

(v/v) Copper Cliff Mine effluent with 55% (v/v) o f Vermillion River water. The 

dilution o f the effluent did not affect the relative concentration o f nickel released but 

affected the dissociation rate constants. The dissociation rate constant (kdi) o f the 

fastest component (ci) in the diluted effluent sample was found to be lower than that 

o f the fastest component (ci) of Ni-DOC complexes in the undiluted Copper Cliff 

Mine effluent (Table 2.5 and Fig. 2.4). The results o f the analysis o f the diluted 

sample containing 30% (v/v) o f Copper Cliff Mine effluent, 30% (v/v) o f Sudbury 

Municipal effluent and 40% (v/v) Vermillion River water, showed that the nickel 

released from Ni(II)-DOC complexes was 91.1% (Table 2.5 and Fig. 2.4). Such a 

high value o f nickel released from Ni(II)-DOC complexes in the effluents on mixing 

with receiving freshwaters (Vermillion River water) would constrain the choice of 

receiving waters for mixing with polluted natural waters, and may present problems 

for managers and regulators o f freshwater resources in the choice for freshwaters for 

mixing with metal-contaminated mining, industrial and municipal effluents.

2.5.2. K inetic speciation o f  nickel by CLEMZGFAAS

Kinetic data for the speciation o f nickel in undiluted and diluted effluents by 

CLEM/GFAAS are presented in Figs. 2.5 and 2.6, respectively. The relative 

concentration o f nickel was plotted as a function o f time. The data in Figs. 2.5 and 2.6 

were fitted to the kinetic model (Eq. 4) by nonlinear regression analysis to obtain the
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relative concentration o f each kinetically distinguishable component and their 

associated dissociation rate constants. Two kinetically distinguishable components 

were observed in each of the curves in Figs. 2.5 and 2.6. The steeply rising section at

-5 1
the beginning of each curve (kd\ ~ 10' s ' ) in Figs. 2.5 and 2.6 can be attributed to 

uptake o f the Ni2+ free metal ion and/or rapidly dissociating inorganic complexes of 

nickel, and rapidly dissociating organic complexes o f nickel (repeated). The rate 

constant for the uptake of Ni2+ aqua complex by Chelex 100, was reported to be (4 ±

ts 1
2) x 10' s' by Sekaly et al. [16]. The results suggest that complexes with dissociation 

rate constants >10'2 s '1 cannot be experimentally differentiated from the metal aqua 

complex using the CLEM/GFAAS technique.

In Figs. 2.5 and 2.6, the fastest dissociation kinetics was observed in Crean Hill Mine 

effluent as found by using CLEM/AdCSV, and the slowest dissociation kinetics was 

observed in Sudbury Municipal effluent, which was rich in DOC. The kinetic 

speciation of Ni(II)-DOC complexes in this sample could not be determined by 

CLEM/AdCSV because of adsorption of organics on the HMDE. However, 

CLEM/GFAAS is free from this adsorption interference and could determine the 

kinetic speciation o f nickel in the Sudbury Municipal effluent and had advantages 

over CLEM/AdCSV in this respect. The low nickel-to-DOC ratio in Sudbury 

Municipal effluent was responsible for the slowest

dissociation kinetics o f Ni(II)-DOC complexes (Fig. 2.5). For the Sudbury Municipal 

effluent which contained relatively high concentrations o f DOC (Table 2.4), the
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Figure 2.5 The percentage of Ni(II) released from Ni(II)-DOC complexes in mine 

effluent aqueous samples, determined by CLEM/GFAAS. Chelex 100 was 

the competing ligand. <■>, Sudbury Municipal effluent; (O ), Garson Mine

effluent; (A), Copper Cliff Mine effluent; (O ), Vermillion River water; 

(•) , Crean Hill Mine effluent. Solid lines represent non-linear curve 

fitting.
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Figure 2.6 The effect o f dilution on the percentage o f Ni(II) released from Ni(II)- 

DOC complexes in Copper Cliff Mine Aqueous Effluent, determined by 

CLEM/GFAAS. Chelex-100 was the competing ligand. (•) , 100% Copper 

Cliff Mine effluent; (o), Mixture o f 45% Copper Cliff Mine effluent and 

55% Vermillion River water sample; (A) ,  Mixture o f 30% Copper Cliff 

Mine effluent, 30% Vermillion River water and 40% Sudbury Municipal 

effluent. Solid lines represent non-linear curve fitting.
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Table 2.6. Kinetically distinguishable components o f nickel speciation by 

CLEM/GFAAS using Chelex 100 as the competing ligand

Samples
C i(% ) C2(% ) ki (xlO'3), s '1 k2(xl0"5) , s '1

Vermillion R iver W ater 
(VRW)

83.3 ±3.1 17.0 ± 4 .0 3.9 ±0.1 5.7 ±0.5

Copper C liff M ine Effluent 
(CCME)

76.2 ± 2.5 23.8 ± 2 .6 2.4 ± 0.3 2.2 ± 0.4

G arson Mine Effluent 
(GME)

67.5 ±2 .6 33.4 ± 1.1 2.5 ± 0.6 3.5 ±0.2

C rean Hill M ine Effluent 
(CHME)

89.5 ±2.7 10.2 ±1.5 12.6 ±0 .2 1.9 ±0.1

Sudbury M unicipal Effluent 
(SME)

34.9 ± 1.7 65.3 ± 1.5 1.6 ±0.1 10.0 ±0.3

M ixture 1 75.9 ±2 .0 24.0± 2.2 3.6 ± 0.4 2.0 ±0.1

M ixture 2 93.3 ±3.1 7.0 ± 2 .0 6.3 ± 3 .0 3.7 ±0.5

Mixture 1: 45% CCME + 55% VRW 
Mixture 2: 30% CCME + 30% VRW + 40% SME.
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nickel-to-DOC ratio was so low as to make Ni(II)-DOC complexes less labile -  the 

fastest components was about one-third o f the total nickel concentration, which was 

in marked contrast with the other effluent samples (Table 2.6).

Copper Cliff Mine aqueous effluent (45%) was diluted with Vermillion River water 

as mentioned earlier. In CLEM/GFAAS, it was found that the dilution (45%) of the 

effluent did not affect the percentage of nickel metal released from Ni(II)-DOC 

complexes but affected the dissociation rate constant o f Ni(II)-DOC complexes -  an 

increase in the relative concentration o f nickel released from Ni(II)-DOC complexes 

was observed for the sample o f Copper Cliff Mine effluent (30%), diluted with 

Sudbury Municipal effluent (30%) and Vermillion River water (40%).

Kinetic speciation data obtained by using CLEM/GFAAS showed good agreement 

with those obtained by using CLEM/AdCSV (Tables 5 and 6). Both the techniques 

showed that the relative concentration of the fast component (ci) increased with 

increasing nickel-to-DOC ratio. Figure 2.7 showed that the fast component (ci) 

increased asymptotically with the nickel-to-DOC ratio; with increasing ratios, the 

slope o f growth decreased and tended to reach a constant value as the ratio reached

0.01. The fastest components (ci) did not increase beyond this value even with further 

increase in the nickel-to-DOC ratio. The results indicate a progressive increase in the 

dissociation rate constants with increasing metal-to-DOC ratio, suggesting that the 

observed dissociation rate constants are associated with progressively weaker sites as 

the metal loading o f the system is increased. A unique property o f DOC is that their 

metal binding properties change with the degree o f metal loading o f the system [17]. 

The progressive increase in the observed dissociation rate constants with increasing
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metal-to-DOC ratio arises from the chemical and physical heterogeneity [18] of DOC. 

The results suggest that DOC has a wide range of sites with closely spaced binding 

energies, the cooperative metal-binding activity of which enable metals to be buffered 

over a large concentration range, spanning several orders o f magnitude, with only 

gradual changes in free metal ion concentration [18]. The results are in agreement 

with the trend in complexation capacity observed by Town and Filella [19] for the 

speciation o f Cu(II), Zn(II), Cd(II) and Pb(II) collected from a large data set of 

published literature on natural waters. A corollary o f the above observation is that the 

sample which has an unusually large concentration o f DOC compared with other 

samples, such as, Sudbury Municipal effluent sample, which has 23.22 mg/L of DOC 

(Table 2.4), and hence, the lowest nickel-to-DOC ratio, is predicted to have the 

largest component o f the slowly labile Ni(II)-DOC complex and the smallest 

component o f {c\ = 34.9 ± 1.7%), which was the smallest Ci% in Table 2.6, agrees 

with this prediction.

The first steep rising parts o f all the curves obtained by using CLEM/AdCSV (Figs.

2.3 and 2.4) are indistinguishable, whereas the data obtained by using CLEM/GFAAS 

(Figs. 2.5 and 2.6) the first part o f each curve is separated from each other. This was 

probably due to the shorter signal-measurement time in CLEM/AdCSV than in 

CLEM/GFAAS. Another probable explanation is considering humic substances as 

water-swollen gels, with functional groups for cation binding, both outside and inside 

o f the cavernous gels. In interpreting their metal-complex formation and dissociation, 

their aggregational and conformational equilibria and diffusion of metal ions inside 

the cavern need be considered.
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In CLEM/AdCSV, it is likely that immediately after the dissociation o f Ni-DOC bond 

inside the cavernous gel, DMG (liquid) can easily go inside the cavernous gel of 

humic acid and bind with Ni2+ ion. Ni(DMG)2 complexes can then easily diffuse out 

from the cavern. As a result, CLEM/AdCSV can measure the faster dissociation 

coefficient o f Ni-DOC complexes. However, in CLEM/GFAAS, Chelex-100 (solid 

sphere), the competing ligand, can not go inside the cavernous gel and the formation 

o f Ni-Chelex bond depends on the dissociation of Ni-DOC bond and followed by 

diffusion o f the Ni2+ ion inside the cavernous gel o f DOC. As a combined effect of 

the above two results, indistinguishable steeply rising curves were observed for all the 

samples by using CLEM/AdCSV (Figs. 2.3 and 2.4) and distinguishable rapidly 

falling curves obtained for the same samples by using CLEM/GFAAS (Figs. 2.5 and 

2 .6).

It seems from the data presented in Tables 5 and 6 that CLEM/AdCSV is suitable for 

relatively fast kinetics. CLEM/AdCSV and CLEM/GFAAS are equally suitable for 

slow kinetics. However, the two techniques are complementary to each other because 

of their different analytical windows.

2.5.3 Comparison o f  the experim ental results with the W H A M  VI predictions  

The Windermere Humic Aqueous Model VI (WHAM VI), developed by Tipping [20- 

23], is a thermodynamic equilibrium-based model that assumes discrete-site 

electrostatic binding. WHAM VI is able to predict free metal ion concentrations given 

some easily determined input parameters such as pH and concentrations o f total 

metals, dissolved anions and cations, and DOC (Table 2.3). Accurate determination
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of free metal ion concentrations in freshwaters is necessary for studying the 

interactions o f metals with DOC in freshwaters. Figure 2.8 presents a comparison of 

the experimentally measured results with the WHAM VI predictions for nickel in the 

undiluted and the diluted effluent and in freshwater samples. It is important to note 

that for the metal speciation, CLEM/AdCSV and CLEM/GFAAS give an analytical 

signal which represents the sum of the free plus labile Ni2+ species, whereas the 

WHAM-VI predicted values represent the free nickel ion concentration. Figure 2.8 

shows that the free nickel ion and inorganic nickel complexes concentrations 

predicted by WHAM VI agree reasonably well with the measured concentrations of 

the sum of the labile complexes o f the nickel. The dashed line represents 1:1 line. 

One problem in modelling by WHAM is that it requires an input datum for the 

concentration o f “active” DOC, [24-30] i.e. the concentration o f DOC that behaves 

like isolated, fulvic acid, and is actively involved in the binding of metals. This is an 

important parameter since it determines the number o f binding sites available to the 

metals. Since the value of the “active” concentration o f DOC, although critical, was 

not known, the effluent sample was modelled using four different active DOC 

concentrations: 50, 60, 75, and 80% of the DOC as “active” to determine the “active” 

DOC concentration that best fitted the measured labile nickel ion concentrations.

The WHAM VI model with 75% active DOC concentrations fits well with the 

experimental results of Ni(II) complexes (Table 2.7); however, for Sudbury 

Municipal effluent, the WHAM VI model with 75% active DOC concentration 

predicted lower values than the measured values o f the labile fraction of nickel.
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Figure 2.7 The effect o f nickel-to-DOC mole ratio on the fast dissociating 

component (%Cj) o f Ni(II)-DOC complexes in mine effluent water 

samples collected from the Sudbury area, Ontario, Canada, (o), %Ci 

determined by CLEM/GFAAS. Chelex-100 was the competing ligand; 

( A)  ,%Ci determined by CLEM/AdSV. DMG was the competing ligand. 

VRW: Vermillion River water; CCME: Copper Cliff Mine effluent; GME: 

Garson Mine effluent; CHME: Crean Hill Mine effluent; SME: Sudbury 

Municipal effluent; Mixture 1: 45% CCME + 55% VRW; Mixture 2: 30% 

CCME + 30% VRW + 40% SME.
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Figure 2.8 Comparison of the pNi labile predicted by WHAM VI, with the

measured concentrations o f labile Ni(II)-complexes in mine effluent 

water samples collected from the Sudbury area, Ontario, Canada. (—) 

1:1 line. WHAM VI predictions based on 75% of the DOC as a ‘active’. 

(•) , Free metal ion plus labile metal complexes measured by 

CLEM/AdSV, DMG was the competing ligand; (A), Free metal ion plus 

labile metal complexes measured by CLEM/GFAAS. Chelex-100 was 

the competing ligand. VRW: Vermillion River water; CCME: Copper 

Cliff Mine effluent; GME: Garson Mine effluent; CHME: Crean Hill 

Mine effluent; SME: Sudbury Municipal effluent; Mixture 1: 45% 

CCME + 55%VRW; Mixture 2: 30% CCME+ 30% VRW + 40% SME.
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Table 2.7. WHAM model predictions o f the speciation o f nickel in mine effluent 

water samples based on 75% of the DOC as “active”, and the measured 

concentrations o f labile Ni(II)-DOC complexes in mine effluent water 

samples collected from the Sudbury area, Ontario.

Sample afNl]«(M)
WHAM VI 
predictions 

(M)

Measured 
concentration of labile 

Ni(II)-DOC 
complexes by CLEM/ 

AdCSV 
(M)

Measured 
concentration 

of labile Ni(II)- 
DOC complexes by 

CLEM/GFAAS 
(M)

VRW
7.2 x 10'7 6.59 x 10'7 4.97 x 10_/ 6.00 x 1 O'7

CCME 1.7 x 10'6 9.18 x 10’7 1.28 x 1 O'6 1.29 x 1 O'6

GME 7.7 x 10'7 3.16 x 10'7 5.13 x 10'7 5.20 x 10'7

CHME 1.7 x 10'6 1.18 x lO '6 1.46 x 10‘6 1.52 x 1 O’6

SME 1.3 x 10'6 1.51 x 10'6 — 4.54 x 1 O'7

Mixture 1 1.3 x 10'6 9.59 x 1 O’7 1.19 x 10‘6 1.21 x 10'6

Mixture 2 1.2 x 10‘6 8.96 x 10'7 9.11 x 10’7 9.11 x 10‘7

a[Ni]t is total dissolved nickel, determined by ICP-MS.

b Determined by Shimadzu Total Organic Carbon Analyzer, Model TOC-VCSH. 

VRW: Vermillion River Water; CCME: Copper Cliff Mine Effluent; GME: Garson 

Mine Effluent ;

CHME: Crean Hill Mine Effluent; SME: Sudbury Municipal Effluent;

Mixture 1: 45% CCME + 55% VRW;

Mixture 2: 30% CCME+ 30% VRW + 40% SME.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



64

This may be due to the presence o f anthropogenic organic matter, probably having 

different characteristics than humic substances used in the calibration o f  the WHAM. 

However, reasons for the differences between the WHAM VI predictions and the 

measured values o f p(Ni labile) are not known. The wider wider application o f such a 

simple model as WHAM to independent data may be an unreasonable expectation; 

also, artefacts associated with differences in analytical methods, or, experimental 

design may all be sources of differences.

2.6 Conclusions

The results presented in this chapter showed that CLEM/AdCSV is suitable to 

determine dissociation rate coefficient o f M-DOC complexes with fast kinetics. 

CLEM/AdCSV and CLEM/GFAAS are equally suitable for slow kinetics. In natural 

waters, reaction kinetics o f metal ions and heterogeneous complexants vary widely. 

CLEM/AdCSV which is suitable for the determination o f fastest dissociation rate 

coefficients o f M-DOC complexes was used for further studies.
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Chemical speciation of Co, Ni, Cu, and Zn in mine 

aqueous effluents and the effect of effluent dilution on 

the release of the above metals from their metal-DOC

complexes
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3.1 Introduction

Pollutant metals which may be present at relatively high concentrations in effluents 

from mines are potential hazards in the freshwater environment when it mixes with 

fresh waters. The bioavailability and toxicity o f a metal-humate complex depends on 

its chemical speciation; hence, chemical speciation o f trace metal is important in 

determining water quality. Interactions of trace metals with heterogeneous humic 

substance, which is ubiquitous in fresh waters, play an important role in trace metal 

transport, fate and bioavailability. Since freshwater environment is often a non

equilibrium system, kinetic approaches to the chemical speciation o f metals are 

required in addition to the usual equilibrium approaches [1-6] in order to obtain a 

more complete picture o f trace metal speciation, which influences toxicity to biota in 

fresh waters. In this chapter, kinetic speciation o f Co, Ni, Cu, and Zn was done by 

using CLEM/AdCSV. This was found to be more sensitive technique (Chapter 2).

In natural waters, complexation of trace metals by chemically heterogeneous humic 

substances may be influenced by heterogeneity o f humic substances, metal loading 

and major cations [7]: sodium, potassium, calcium and magnesium, which may be 

present at many orders o f magnitude greater concentrations (~10'3 M) than those of 

trace metal ions (<10'8 M); their much greater concentrations outweigh their weaker 

metal-binding ability. It is well known that Copper Cliff Mine Effluent is treated by 

conventional hydroxide precipitation, lime addition, settling and subsequent pH 

adjustment prior to discharge and contain high concentration o f major cations. In 

order to understand metal speciation in Copper Cliff Mine aqueous effluents, it is
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essential to know the effect o f major cations on metal- HS complexation which has 

been discussed in Chapter 1.

The aim of this work was to study the speciation o f Co (II), Ni (II), Cu (II) and Zn (II) 

in mining effluents and the effects o f dilution o f the effluents with water on the 

speciation of the metal-DOC complexes and the influence o f the electronic 

configuration o f 3d transition metals, Co, Ni, Cu and Zn, on the lability o f their 

metal(II)-DOC complexes.

3.2 Experimental section

3.2.1 Materials and Methodologies.

For CLEM/AdCSV, a stock solution of 0.1 M DMG (Fischer Scientific) was prepared 

by dissolving an appropriate mass o f pure dimethylglyoxime (DMG) in methanol 

(Caledon, spectro grade). A stock solution o f 8-hydroxyquinoline (8-HQ) 0.1 (M) 

stock solution was prepared by dissolving an appropriate mass o f pure 8-HQ in water 

containing a few drops o f hydrochloric acid. A stock solution o f ammonium 1- 

pyrrolidinedithiocarbamate (APDC) 0.1 M was prepared by dissolving appropriate 

mass o f pure APDC (J.T. Baker Chemical Co. Phillipsburg, NJ) in ~0.1% NH 3 

aqueous solution. All competing ligands were added to ensure a large excess (at least 

500-fold excess) over corresponding metal concentration. Metal standards were 

prepared from the inductively- coupled plasma mass spectrometry high-purity metal 

standards (SCP science, Montreal, Canada), 1000 mg/L for Co, Ni, Cu and Zn, and 

10000 mg/L for Ca. These standards were used to prepare by serial dilution with
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ultrapure water, standard solutions o f the above metals in ultrapure water, to which 

1% (V/V) ultrapure nitric acid (Baseline, Seastar Chemicals) was added to prevent 

metal loss by adsorption on the container walls. Ultrapure water o f resistivity 18.2 

MQ-cm, obtained from a Bamstead water system, was used to prepare all test 

solutions just prior to the kinetic run.

The soil humic acid (HA) was supplied by Dr. Les Evans (University o f Guelph, 

Guelph, ON), who purified and characterized the HA according to the procedure 

recommended by the International Humic Substances Society [8].

All containers made of Teflon were pre-cleaned and filled with ultrapure water, 

following the procedure described by Chakrabarti et al. [9]. The water-filled 

containers were stored till they were used. The water in the containers was changed 

every week with ultrapure water o f resistivity 18.2 MQ-cm.

Two aqueous effluent samples, supplied by Copper Cliff Mine in Sudbury, Ontario, 

Canada, were used: one was undiluted effluent (100% effluent) and the other was 

diluted with the laboratory tap water so that it contained 45% of the original effluent 

(45% effluent); henceforth, the two effluent samples will be identified simply as the 

undiluted and the diluted effluent, respectively. The laboratory tap water used by 

Copper Cliff Mine to dilute the 100% effluent (to 45% effluent) contained 2mg/L 

DOC. The DOC was determined with OI Analytical Model 1010TOC Analyzer. The 

metals (total dissolved concentrations) were determined by inductively-coupled 

plasma mass spectrometry using Perkin-Elmer Elan 6000 ICP-MS and by ICP-OES 

and the anions were determined by ion chromatography.
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3.2.2 Instrum ental and experimental conditions

For the kinetic study by CLEM/AdCSV, an Autolab-PGSTAT (EcoChemie), 

controlled by a personal computer and equipped with a Metrohm 663 VA stand was 

used. The working electrode was a Hanging Mercury Drop Electrode (HMDE); the 

reference electrode an Ag/AgCl electrode in a glass tube filled with 3M KC1; the 

counter electrode a Pt wire (Metrohm). All test solutions (the effluent samples and the 

model solutions) were purged for 10 minutes with ultra-high-purity nitrogen gas prior 

to the kinetic run. A competing ligand in large excess (500 fold) o f the target metal 

concentration was added to the test solutions just prior to the starting of the kinetic 

run.

Experimental conditions for Ni

The experimental procedure described in an earlier paper [10] from this laboratory 

was adapted for the kinetic analysis of Ni in the effluent samples. Dimethylglyoxime 

(DMG) was selected as the competing ligand for Ni [11]. Immediately after adding a 

large excess o f DMG to the test solution, a potential of -0.6 V was applied to the 

HMDE to start a 60 s accumulation step by adsorption o f Ni-DMG, using square 

wave form at 100 Hz, with a step potential o f 5 mV/s and amplitude o f 20 mV. The 

voltammogram of Ni was recorded by scanning from -0.6 to -1.3 V.

Experimental conditions for Co

The experimental procedure described in an earlier paper (same as Ni) [10] from this 

laboratory was adapted for the kinetic analysis o f Co in the effluent samples. DMG 

was selected as the competing ligand for Co [12]. Immediately after adding a large 

excess o f DMG to the test solution, a potential o f -0.6V was applied to the HMDE to
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start a 60 s accumulation step by adsorption o f Co, using square wave form at 100 Hz, 

with a step potential o f 6.9 mV/s and amplitude of 40mV. The voltammogram for Co 

was recorded by scanning from -0.6 to -0.9 V.

Experimental conditions for Cu

The experimental procedure described in an earlier paper (same as for Ni) [10] was 

adapted for the kinetic analysis o f Cu in the effluent samples. 8-hydroxyquinoline (8- 

HQ) was selected as the competing ligand for Cu [13]. Immediately after adding an 

excess o f 8-HQ to the test solution, a potential o f -0.2 V was applied to the HMDE to 

start a 10 s accumulation step by adsorption o f Cu-8HQ, using square wave form at 

100 Hz, with a step potential o f 70 mV/s and amplitude o f lOmV. The voltammogram 

of Cu was recorded by scanning from -0.20 to -  0.75 V.

Experimental conditions for Zn

The experimental procedure described in an earlier paper (same as Ni) [10] was 

adopted for the kinetic analysis of Zn in the effluent sample. Ammonium 1- 

pyrrolidinedithiocarbamate (APDC) was selected as the competing ligand for Zn [14]. 

Immediately after adding a large excess o f APDC to the test solution, a potential o f - 

0.3 V was applied to the HMDE to start a 60 s accumulation step by adsorption o f Zn- 

APDC complex, using square wave form at 50 Hz, with a step potential o f 4.5 mV/s 

and amplitude of 2.5mV. The voltagram for Zn was recorded by scanning from -0.8 

t o - 1.2 V.
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3.3 Results and Discussion

Humic substances, which are predominant components of DOC in freshwaters, are 

usually present as polymeric colloidal materials, as water-swollen gels, with 

functional groups for cation binding, both outside and inside of the cavernous gels. In 

interpreting their metal-complex formation and dissociation, their aggregational and 

conformational equilibria must be considered. As Langford et al. [15] have eloquently 

pointed out, one of the consequences o f humic substances’ water-swollen gel- 

structure, with binding groups both on the outer surface o f the gel and inside the 

cavernous gel, is that thermodynamically equivalent binding sites may seem to be 

kinetically different because o f the transport limitation for the metals-binding inside 

the cavernous gel. With this constraint in the interpretation o f results, the following 

interpretation is presented.

Tables 3.1-3.3 present important characteristics and properties o f the two samples of 

mine effluents. In Table 3.3, the metal/DOC mole ratio was calculated by assuming 

an average value o f the ligand (DOC) o f ~5 mM/g. The percentage o f metal released 

from the metal-DOC complexes in the effluent samples was investigated by 

considering the organically-bound and inorganically-bound metal complexes. In view 

o f the anions listed in Table 3.2, inorganically-bound metals may be considered 

labile.
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Table. 3.1. Characteristics of the undiluted (100%) and the diluted (45%) effluent*

Properties Undiluted 
(100%) effluent

Diluted 
(45%) effluent

pH 7.3+0.05 7.2+0.05
Conductivity (mS) 300+ 3.0 165+ 3.0

Colour Colourless Colourless
Smell Pungent smell Pungent smell

* The pH and conductivity were measured by an Accumet 20 pH/ conductivity meter 

(Fischer Scientific).
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Table 3.2. Composition of the undiluted (100%) and the diluted (45%) effluent

Analyte Concentrations in 100% 
effluent

Concentrations in 
45% effluent

[DOC] (mg/L) 6.12 3.25
[DIC] (mg/L) 1.73 11.23

[C o]  (M ) 2.14xl0‘7 1.04x1 O’7

[Ni] (M ) 2.41x10‘6 1.05x1 O'6

[C u ]  (M ) 3.81xl0‘6 1.74xl0'6

[Z n ](M ) 3.58xl0’7 2.58xl0‘7
[C d ]  (M ) 3.65x10'8 2.58xl0‘8

[Na] (M ) 4.35x10'3 2.17xl0'3
[Fe] (M) 5.9x 10’7 2.6x 10'7

[Al] (M ) 5.97x1 O'6 2.99x1 O'6

[Ca] (M ) 1.37x1 O'2 6.87x10'3

[K ](M ) 8.95x1 O'4 4.48 x l0 ‘4

[Mg] (M) 1.23x10'3 6.16x1 O'4
[ S O „ f ( M ) 2.08xl0'2 1.04x1 O'2
[Cl]’ (M ) 2.5x10'3 1.3xl0'3

[NO,]' (M ) 1.94x1 O'4 4.9x10‘5

DOC = Dissolved Organic Carbon;

DIC = Dissolved Inorganic Carbon

DOC was measured with 01 Analytical Model 1010TOC Analyzer.

The metals (total concentrations) were determined by Inductively-Coupled Plasma 

Mass Spectrometry by Perkin-Elmer Elan 6000 ICP-MS and Inductively Coupled 

Optical Emission Spectroscopy

The anions were determined by ion chromatography (DIONEX).
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Table 3.3. Change in the [Metal]/[DOC] mole ratio on the effect o f dilution o f the 

effluent with the laboratory tap water.In the absence of measured value, a 

typical value o f 5 mM/g. of the DOC is assumed.

[Metall/IDOCl mole ratio

Metal Undiluted (100% ) effluent Diluted (45% ) effluent

Co 0.007 0.006

Ni 0.078 0.065

Cu 0.125 0.107

Zn 0.012 0.016
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In discussing the results of ligand exchange kinetics, binding o f metals by DOC, 

(which is mostly humic substances, and is ubiquitous in the freshwater environment) 

must be taken into account. As stated earlier, humic substances have been reported to 

possess strong binding sites accounting for -  1-10% o f the total sites (e.g. -N and -S 

containing complexing functional groups) and weak binding sites accounting for -90- 

99% of the total sites (e.g. carboxylate and phenolate functional groups) [16]. Metals 

vary widely in their affinity for specific binding to humic substances; for example, the 

affinity for specific binding of Cu to DOC is very strong, whereas the affinity for 

specific binding o f zinc to DOC is weak [16]. Natural waters are systems which are 

typically far removed from coordination equilibrium and are characterized by slow 

kinetics, and hence, delayed equilibration. In order to study a target trace metal's 

competition with other trace metals in freshwaters, chemical equilibrium is 

sometimes assumed for simplified treatment o f the metal-DOC interactions. For more 

realistic treatment o f the metal-DOC reactions, it must be kept in mind that the metals 

first form complexes that are kinetically favourable. Subsequent reequilibration 

requires a metal and ligand double-exchange reaction, that is, both a ligand exchange 

in which the ligand having stronger binding sites replaces the ligand having weaker 

binding sites, and a metal exchange in which the stronger-binding metal replaces the 

weaker-binding metal, to form a strong metal-ligand complex at chemical 

equilibrium. [17]. Hence, speciation dynamics o f metal-humic complexation reactions 

require adoption o f a dynamic approach, combining both kinetic and equilibrium 

speciation in order to provide a more complete and realistic description of metal 

speciation in natural waters.
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In interpreting relative labilities o f these metal-DOC complexes, the following should 

be considered as a general guiding principle: The absolute concentrations o f dissolved 

metals are controlling factors in determining the metal-DOC stability constants; the 

[metal]/[DOC] mole ratios are contributing factors in determining the metal that 

binds to the strong sites (<10%), forming strong metal-DOC complexes, the 

remaining metal binds to the weak sites (>90%), forming weak metal-DOC 

complexes. For DOC, the absolute concentrations must be calculated on the basis of 

its metal-binding functional groups. The stability constants o f the metal-DOC 

complexes determine the concentrations o f free metal ions at chemical equilibrium. 

This relatively simple picture is compounded by numerous other trace metals

"74-competing with the target trace metal, and by the competition o f major cations, Ca

I

and Mg , which may be present in concentrations, that are several orders of 

magnitude larger than those o f the target trace metal, especially in ffeshwaters with 

limestone and dolomitic bedrocks. Also, large concentrations o f these major cations 

are sometimes present in ffeshwaters because o f their widespread use by mining and 

metal industry, which use calcium and magnesium salts for neutralizing strong acids 

used in metal refining, and also by agricultural industry for neutralizing acidic 

agricultural lands. Added to the above complexities o f freshwaters are numerous 

other naturally-occurring complexants, e.g. polysaccharides, proteins, which all 

compete with DOC for binding o f the trace metals. Conformational changes resulting 

from electrostatic interactions among the various functional groups on a single 

molecule o f DOC may make the coordination properties of the DOC molecule highly 

dependent on the extent of cation binding and on the ionic strength o f the medium. In
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addition, the coordination equilibrium of 3-d transition metals which are reported to 

produce potentially toxic free metal ions, are typically slow. Also metal speciation 

dynamics involve metal and ligand exchange reactions, which are typically slow. The 

consequence of the above complexities is that the results presented in this study 

should be treated only as indicative, not definitive. In light o f the above observation, 

the agreement with the WHAM predictions (presented later) should be regarded as re

inforcing confidence in the WHAM modeling.

The results o f ligand exchange kinetics in the undiluted and the diluted effluent are 

presented in Figs 1-4, which show the % of metal released from M-DOC complexes 

(ip/i0 %) o f the samples as a function o f time in the kinetic run, where, ip and i0 are the 

current for the complex system and the reference current under conditions of no 

complexation, respectively. Figure 3.1 shows that the dilution resulted in a drastic 

decrease in the % o f Ni released from the Ni species. In the undiluted effluent, the % 

o f Ni released from the Ni-species rapidly increased to attain a maximum of 40%, 

which thereafter remained unchanged; whereas, in the diluted effluent, the % o f Ni 

released from Ni(II) complexes rapidly attained a maximum value o f about 1.5%, 

which thereafter remained unchanged. Figure 3.2 shows that the dilution of the 

effluent resulted in a drastic decrease in the % of Co released from the Co(II)-DOC 

complexes similar to that o f Ni(II)-DOC complexes. However, the undiluted effluent 

presented a somewhat different picture o f the % of Co released from the Co(II)- 

complexes as a function of time in the kinetic run. Initially, the % o f Co released from 

the Co(II)-species in the undiluted effluent increased rapidly for a short time; 

thereafter, the increase slowed down and became more gradual as a function o f time
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in the kinetic run. However, unlike the Ni(II)-DOC curve in Fig. 3.1, the Co(II)-DOC 

curve in Fig. 3.2 continued to rise gradually but slowly with time untill the released 

Co attained the value o f about 55% at 3500 s; it continued to maintain the same 

trend beyond this time (not shown). Figure 3.3 shows that the dilution slightly 

decreased the % o f released Cu from the Cu(II) complexes in the undiluted effluent 

compared to the diluted effluent. However, it is noteworthy that initially over a very 

short time period, both the curves for the undiluted (100%) and the diluted (45%) 

effluent sample rose rapidly, almost vertically, to values o f about 75% and 70% 

respectively, which remained unchanged right up to the end of the measurement time 

of 1800 s.

Figure 3.4 shows the kinetic curves for Zn(II)-DOC complexes. The Zn released from 

the Zn(II)-species in the undiluted effluent very slowly attained a value o f nearly 55% 

at the end o f the measurement time 1200 s, whereas the curve for the diluted effluent 

initially followed a very similar trend to that of the undiluted effluent and then rose 

very slowly and gradually untill Zn released from the Zn-species attained a value of 

25% at the end of the measurement time o f 1200 s. It may be useful to point out that the 

rest o f the unreleased, tightly-bound metal is considered as "non-labile" on the time 

scale of the present experiments.

The results o f kinetic speciation presented in Figs. 3.1-3.4 can be described in terms 

of the kinetically distinguishable components and their rate coefficients for the 

dissociation of metal-DOC complexes, as presented in Tables 3.4 and 3.5. The 

uncertainty (shown as ± values in Tables 3.4 and 3.5) represents variations in the 

experimental data at 95.5% confidence interval of four replicates. Some remarkable
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features o f Tables 3.4 and 3.5 are presented below. The results for Cu speciation set 

Cu apart from the other three metals as having the fastest component, Ci, 

predominant in both the undiluted and the diluted effluent. On the other hand, Zn is 

distinguishable from the other three metals in having the slowest component, C3, 

predominant in both the undiluted and the diluted effluent. A general explanation for 

the above difference is probably the fact that among the above four metals, Cu has the 

strongest and Zn has the weakest affinity for binding by DOC [18]. O f the four 

metals, Co has the largest fraction as the inert component (C3) in both the undiluted 

and diluted effluents. This is probably the result o f the absolute Co concentration 

being very low and the [Co]/[DOC] has the lowest [metal]/[DOC] mole ratio of the 

four [metal]/ [DOC] mole ratios (see Table 3.3). The [Zn]/[DOC] mole ratio is 

roughly double o f the [Co]/[DOC] mole ratio in both effluents; and the percentage of 

Zn as the inert component (C3) is much lower than those o f Co and Ni. As explained 

earlier, in the simplified treatment of the metal-DOC complexation, the coordination 

equilibrium is dominated by the metal’s affinity for specific binding as distinct from 

electrostatic binding. The main factors that determine the composition o f the sample 

at chemical equilibrium is the absolute concentration o f the metal. The affinity o f Ni 

and Co for specific binding to DOC is stronger than that o f Zn; the stronger affinity 

for specific binding means formation o f more stable Ni- and Co-DOC complexes, i.e., 

less labile than the Zn-DOC complexes.
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Figure 3.1. Ligand exchange kinetics for Ni(II)-DOC complexes in the undiluted

(o) and the diluted effluent (□) at pH, 7.3±0.05 and 7.2±0.05, 

respectively, using DMG as a competing ligand.
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Figure 3.2 Ligand exchange kinetics for Co(II)-DOC complexes in the undiluted 

(O) and the diluted effluent (□ ) at pH, 7.3±0.05 and 7.2+0.05, 

respectively, using DMG as a competing ligand

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



84

• iN i

1 0 0

80

60

40

20

500 1000 

Time (s)
1500

Figure 3.3 Ligand exchange kinetics for Cu(II)-DOC complexes in the undiluted 

(O) and the diluted effluent (□ ) at pH, 7.3+0.05 and 7.2+0.05,

respectively, using 8-HQ as a competing ligand.
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Figure 3.4 Ligand exchange kinetics for Zn(II)-DOC complexes in the undiluted 

(O) and the diluted effluent (□ ) at pH, 7.3±0.05 and 7.2±0.05, 

respectively, using APDC as a competing ligand.
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Table 3.4. Kinetically distinguishable components o f Co-, Ni-, Cu- and Zn-DOC complexes in the undiluted (100%) effluent using 

CLEM in conjunction with AdCSV; at pH 7.20±0.05, ionic strength 0.01M; temperature 25±2 °C.

Kinetically distinguishable components of M(II)-DOC complexes

Metal Ci (%) kdi x 1 0 V ) C2 (%) kd2 xlO2 (s'1) C3 (%) kd3 (s'1)

Co 15.0 ±0.7 0.22 ± 0.01 17.0 ±0.8 0.51 ±0.01 69.0 ±0.6 (1 ±0 )x l0 ’5

Ni 38.5 ±0.1 0.07 ±0.01 3.9± 0.1 0.06± 0.01 57.7 ±0.1 < 10'6

Cu 53.5 ±0.6 1.79 ±0.01 16.3±0.7 2.0 ±0.10 30.0 ±0.5 < 10‘6

Zn 36.5 ±.6.0 0.56 ±0.01 21.3± 1.0 0.97 ±0.04 41.3 ± 1.0 (1± 0.1) xlO'4
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Table 3.5. Kinetically distinguishable components of Co-, Ni-, Cu- and Zn-DOC complexes in the diluted (45%)

effluent using CLEM in conjunction with AdCSV. at pH 7.20±0.05; ionic strength 0.01M; 

Temperature 25±2 °C.

Kinetically distinguishable components of M(II)-DOC complexes 

Metal Q (% ) k*, xlO1 (s'1) C2 (%) xlO3 ( s 1) C3 (%) k*, (s'1)

Co 1.6 ±0.1 2.3 ±0.10 0.5 ±0.1 4.5 ±0.1 98.0 ±0.1 < 10’6

Ni 1.5 ±0.5 0.04 ±0.01 1.5 ±0.5 0.3 ±0.1 97.0 ±0.1 < 10’6

Cu 62.0 ±1 .0  2.4 ±0.20 11.5 ±5 .0  0.5 ±0.1 26.7 ±1.0  < 10'6

Zn 18.5 ±.0.5 0.22 ±0.01 13.0±1.4 4.3 ±0.1 68.5 ± 0.7 < 10’6
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In order to explain the effect o f dilution on the lability o f metal-DOC complexes, one 

needs to consider whether or not the dilution has made any change in the 

[metal]/[DOC] mole ratio. Table 3.3 show that the dilution has not appreciably 

changed any o f the [metal]/[DOC] mole ratio other than that o f zinc; the [Zn]/[DOC] 

mole ratio has increased probably because of the presence of zinc in the laboratory 

tap water used for dilution. The metal-DOC bond energy is the sum total chemical 

free energy of the metal to functional groups o f DOC and coulombic free energy of 

interactions between all the negative charges on the DOC polyanions and all other 

charges in the samples solution -  the polyelectrolyte effect [19], The coulombic 

forces (electrostatic interactions) are effective over relatively large distances and 

affect the free energies of ions even in dilute solutions (e.g. fresh waters). The 

chemical free energy o f interactions-short-range, covalent bonding- is augmented by 

long-range coulombic interactions emanating from all the neighbouring, nonreacting 

negative sites o f the DOC. This polyelectrolyte effect can strengthen greatly the 

binding of metal ions by humate polyanions in freshwaters.

Figures 3.1 and 3.2 (for Ni and Co, respectively) show more drastic decrease in the % 

of labile metal complexes than Figs. 3.3 and 3.4 (for Cu and Zn, respectively), 

resulting from dilution of the effluents. What is the cause o f the drastic decrease in 

the % of labile Ni(II) and Co(II) complexes, and the much lower decrease in the % of 

labile Cu(II) complexes in the diluted effluent? The answer lies in the large difference

A ,  ^

in the concentrations o f Ca ions in the undiluted and diluted effluents: 1.37x 10' M 

[C aJjo ta i in the undiluted effluent, and 6.87x 10'3 M in the diluted effluent (Table 3.2) 

and the nature o f the metal-DOC binding. The large decrease in the [Ca]x0tai

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



89

concentration which probably represents [Ca2+] concentration in the diluted effluent 

resulted in a large decrease in the screening of coulombic interactions between the

I sy j

Ni and Co cations and the humate polyanions, thereby increasing the free energy 

o f coulombic interactions in the metal-DOC bonding. This increased the strength of 

the Ni-DOC and Co-DOC binding, which resulted in the observed decrease in the 

release o f Ni and Co; the similarity in the decrease in the release o f Ni and Co is a 

reflection of the similarity in the electronic configurations o f Ni (II) and Co(II). 

Another probable answer lies in the change in the conformational properties o f DOC, 

resulting from dilution of the 100% effluent sample. The dilution o f 100% effluent 

decreases the conductivity, i.e., the ionic strength in the diluted 45% effluent. The 

ionic strength is an important determinant o f the electrostatic interactions o f charged 

species in the solution. The affinity o f Cu(II) for specific binding (chemical free 

energy o f interactions) to DOC is much greater than those o f the other three metals. 

The much greater strength o f the covalent bonding in the Cu-DOC complex meant 

that the electrostatic interactions component o f the Cu-DOC bond energy, and hence, 

the effect o f screening of coulombic interactions between the Cu cations and the 

negative charges on the humate polyanions are unimportant in the Cu-DOC bond 

energy. The above explanation based on the effect o f a massive excess o f Ca2+ ions 

on the release o f Ni and Cu from the Ni-DOC and Cu-DOC complexes in the 

effluents was confirmed by the following experiment using model solutions. The 

effect o f dilution of Copper Cliff Mine effluent sample with the laboratory tap water 

was compared with the effect of dilution of the same effluent with Vermillion River 

water, which has been reported in the previous chapter. The comparison shows that
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the dilution with the laboratory tap water produced a mixture containing kinetically 

different nickel species than that produced by dilution with Vermillion River water.

3.3.1 Effect of competition of major cation, Ca2+, on Ni and Cu binding by 

DOC in aqueous solutions

Figures 3.5 and 3.6 and Tables 3.6 and 3.7 present the effects o f a large excess of 

Ca2+ (~mM) compared to the [Ni] concentration (-100 nM) on the release o f the 

target metals, Ni from the Ni-DOC complexes (Fig. 3.5 and Table 3.6), and Cu from 

the Cu(II)-DOC complexes (Fig. 3.6 and Table 3.7), in model solutions containing 

Ca2+ and Ni2+ (in Fig. 5 and Table 3.6), and Ca2+ and Cu2+ (in Fig. 3.6 and Table 3.7). 

The [Ca2+] concentrations were about 4 orders o f magnitudes (see Table 3.2) in 

excess o f those o f Ni2+ or Cu2+, which were present at concentrations o f one-tenth of 

a pM. In Fig. 3.6, the Ca2+ ions added to the Cu2+ test solution was 1 mM; any higher 

concentrations o f Ca2+ resulted in aggregation o f the DOC, forming precipitates. 

Langford et al. [20] have reported on the aggregation o f DOC by high concentrations 

o f electrolytes. Jacques Buffle [21] has reported that aggregation of DOC increases 

with increasing electrolyte concentrations. Such aggregation o f DOC occurs 

whenever its concentration is considerable, and the ionic strength o f the medium is 

high. Also, as Figs. 3.5 and 3.6 show, the amount o f electrolytes (e.g. Ca2+ in Fig. 3.5) 

required for aggregation o f the DOC to occur is dependent on the nature o f metal that 

binds to DOC; probably, a metal that binds strongly with DOC, such as Cu(II), 

requires much less electrolyte for the aggregation to occur than Ni(II) which binds 

much less strongly to DOC. The difference between the concentration level o f Ca2+ 

that can be added to the Ni(II)-HA and to the Cu(II)-HA (10 mM and ImM,
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Figure 3.5 Effect of Ca2+ concentrations, (□)[Ca2+] = lOmM, (A) [Ca2+] = ImM, 

(0) [Ca2+] = 0.01 mM, (0) [Ca2+] = 0 mM on the lability o f Ni-HA

complexes in a model solution o f [Ni]/[HA] = 0.001, at pH 7.00±0.05, 

ionic strength 0.01M; temperature 25±2 °C.
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Figure 3.6 Effect o f Ca2+ ion concentration, (D)[Ca2+] = 0 mM, (A) [Ca2+]=1 mM 

on the lability o f Cu-HA complexes in a model solution o f [Cu] / [HA] 

= 0.001, at pH 7.00±0.05; ionic strength 0.01M; temperature 25±2 °C.
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Table 3. 6. Effect o f [Ca2+] on the lability o f Ni-HA complexes; model solution, [Ni]/[HA] 

= 0.001 at pH 7.00 +0.05, ionic strength 0.01M; temperature 25±2 °C.

Kinetically distinguishable components of Ni-HA complexes

[Ca]
(mM)

Ci (%) kdi x io 3 (s’1) C2(%) kd2 (s’1)

0.0 7.0 ±2.8 0.5 ±0.1 93.0 ± 10.0 <10'6

0.1 10.5 ±3.4 1.7 ±0.1 90.0 ± 2.2 < 10'6

1.0 12.5 ±7.0 6.1 ±0.1 87.5 ±2.2 < 10‘6

10.0 18.0 ±8.0 9.4 ± 1.0 82.0 ± 13.0 < 10'6
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Table 3.7. Effect o f [Ca2+] on the lability of Cu-HA complexes; model solution;

[Cu]/[HA] = 0.001; at pH 7.00 +0.05; ionic strength 0.01M; temperature 

25±2 °C.

Kinetically distinguishable components of Cu-HA
complexes

[Ca]
(mM)

Cx (%) kdi xlO3 (s'1) C2 (%) kd2 (s'1)

0.0 15.0 + 8.0 0.79 + 0.14 85.0 ± 12.0 < 10'6

1.0 15.0 + 8.0 1.50 + 0.40 84.0 ± 18.0 < 10’6
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respectively) is possibly an indication that Cu(II)-HA is more hydrophobic than 

Ni(II)-HA, and hence, requires less electrolyte for coagulation and precipitation.

In Fig. 3.5 and Table 3.6, increasing concentrations o f [Ca2+] from O.lmM to lOmM, 

added to a model solution of 10'7M [Ni] containing HA to give a mole ratio of 

[Ni]/[HA] = 0.001, i.e. a very low [Ni]/[DOC] mole ratio, resulted in an increased 

release o f Ni from the Ni(II)-DOC complexes. The amount o f Ni released increased 

gradually from about 6% for zero [Ca2+], to a maximum of about 22% for [Ca2+] = 10 

mM over the measurement time 7500 s.

In Fig. 3.6 and Table 3.7, the addition o f 1 mM Ca2+ to 10'7 M [Cu2+] resulted in a 

small but rapid increase in the amount of Cu released from the Cu(II)-DOC 

complexes immediately on the addition o f the Ca2+ to the [Cu2+] test solution, from 

-12%  for [Ca2+= 0 M] to -  16% for [Ca2+= ImM]. The elevated curve (compared to 

the curve with no Ca2+) retained the slightly higher release o f Cu (-16% ) and 

continued to show the same trend o f slow increase in the release o f Cu up to the end 

o f the measurement time -1900 s.

The numerical values for the kinetic speciation o f the four metals in the undiluted 

effluent sample are presented in Table 3.4, which shows that 53.5% of the [Cu(II)] 

and 38.5% of [Ni(II)] and 36.5% of [Zn(II)] were labile, whereas only 14.4% of the 

[Co(II)] was labile.

It is important to note that in Tables 3.4 and 3.5, the results o f the kinetic speciation 

by CLEM/AdCSV yield rate coefficients which do not represent a single metal 

species, such as the free metal ion; rather they represent a cluster o f metal species 

having very similar rate coefficients; for example, labile metal species comprising
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free metal ions and other rapidly-dissociating metal species-the cluster o f metal 

species is labeled 'labile complexes'.

The large decrease in the conductivity of the diluted effluent sample (see Table 3.1) 

meant a great decrease in the ionic strength of the sample, and hence, a 

corresponding decrease in the electrostatic interactions of the charges in the sample 

solution. The results were decreased electrostatic repulsion between the negatively 

charged ligand sites on the humate polyanions and increased attractions among the 

negatively charged sites and the positively charged metal ions and H+ ions. The 

experimental results show that decrease in the ionic strength caused by dilution of the 

effluent correlated with decrease in the release o f metal from the metal-DOC 

complexes, probably because an increase in electrostatic attractions between the 

metal ions and the DOC polyanion caused by a decrease in the screening of 

electrostatic charges might have caused conformational changes in the polymeric, 

humic (DOC) colloid, resulting in changes in the bond-strength o f Ni(II)-DOC and 

Co(II)-DOC complexes.

In chemical equilibrium, the [M] / [DOC] ratio and the competitions among the 

metals affect the release o f metal from metal-DOC complexes. In the undiluted 

effluent, the [M] /[DOC] mole ratio follows the order: Cu > Ni > Zn > Co; this order 

parallels the order o f lability o f the [M] -DOC complexes: Cu > Ni.> Zn> Co. This 

trend is expected on the basis o f metal-binding by humic substances (the main 

component o f DOC in freshwaters). Figure 3.3 and Tables 3.4 and 3.5 show that, 

among the kinetically distinguishable components o f the metal complexes, the labile 

fraction of Cu(II) was the largest both in the undiluted and the diluted effluent. This

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



97

was probably due to the absolute concentration of dissolved copper being the highest 

among the four metals, which, for the fixed concentration o f DOC made the [Cu] 

/[DOC] mole ratio the highest among them, probably resulting in a greater fraction of 

the Cu(II)-DOC complexes being labile. The unusual resistance to change in the 

release o f Cu from the Cu-DOC complexes (compared to the DOC complexes of 

Ni(II), Co(II) and Zn(II) shown in Figs. 3.3 and 3.6), can be explained in terms of 

formation and dissociation of the metal-DOC coordination complexes.

The formation and dissociation of these 3-d transition metals can be considered in 

terms o f Ligand Field Stabilization Energy (LFSE) for the complexes in going from 

the octahedral coordination to the square-pyramidal transition state, which is 

favorable for Cu(II) d9 configuration, but unfavourable for Co(II) d7, and Ni (II) d8 

configurations; Zn (II) d10 can have no LFSE. LFSE calculations indicate a large loss 

in LFSE for Ni (d8) complexes in going from six- to either five- or seven-coordinate 

species. For both dissociative and associative pathways, this configuration 

experiences a ligand field contribution to the Ligand Field Activation Energy. Hence 

Ni (d8) configuration is kinetically inert [22]. The other metals, e.g., Co (d7), Cu (d9) 

lose little, and Zn (d10) with no LFSE result in more labile complexes than Ni. The 

Cu(II) d9 octahedral complexes, because o f the added stabilization provided by the 

tetragonal distortion of the octahedral Cu (II) complex due to Jahn-Teller effect, 

results in shortening (and hence, strengthening) o f the four equatorial bonds and 

lengthening (and hence, weakening) o f the two axial bonds, making the Cu(II)- 

tetragonally distorted complex at once the more stable (thermodynamically) at the 

four equatorial bonds and the more labile (kinetically) at the two axial bonds.
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3.3.2 Effect of heterogeneity of humic substances on metal speciation in mine 

effluents

It is well known that continuous distributions o f reaction sites are present in humic 

substances. The distribution of these reaction sites (with respect to their bonding 

strength) are expressed in terms o f chemical heterogeneity. It was first reported 

theoretically by H.P. van Leeuwen [23] that heterogeneity o f humic substances play a 

dominant role in reaction kinetics o f metal in aqueous environment. Fillela and Town 

[24] reported that the heterogeneity of metal-NOM complexes extends also to the 

distribution o f kinetic dissociation rate constants. The wide distribution of 

dissociation rate coefficient of a metal-DOC complex indicates more heterogeneity of 

humic substances for the particular metal.

Tables 3.3 and 3.4 show that the distribution of dissociation rate coefficient is highest 

for Cu followed by Ni, Co and Zn. Depending upon the distribution of dissociation 

rate coefficient o f M-DOC complexes, it can be assumed that humic substances in 

mine effluent behave more heterogeneously with Cu followed by Ni, Co and Zn. The 

heterogeneity parameter follows the following order.

Tcu <  rNi <  Tco <  TZn

However, in the diluted 45% effluent the heterogeneity follow the following order 

r Cu< rco< r Ni < rzn

The reasons for this anomaly o f Tc0 and Tni are unknown.

It is important to note that the results o f the kinetic speciation by CLEM/AdCSV 

yields rate coefficients which do not represent a singular metal species, such as, free 

metal ion; rather they represent a cluster o f metal species having very similar rate
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coefficients. Secondly, the analytical window for CLEM is simply the time from the 

start o f the experiment to the time that has been arbitrarily chosen to terminate the 

experiment. However, the measurement o f rapid kinetics is limited by experimental 

conditions such as the deposition time, equilibration time and the stripping rate 

(approximately 60 s between each data point). As a consequence, the upper limit of 

experimentally measurable rate coefficients is approximately 10'2 s '1. For a total 

reaction time of approximately 2 h, this represents an analytical window of 

measurable rate coefficients o f 10'2 -  10'6 s"1 for this technique. The relative order of 

heterogeneity o f humic substances in mine effluents for these metals follow the same 

trend as found by other scientists. As expected from the data, the stability of metal- 

DOC complexes (percentage o f inert complexes) increases with the increase of 

heterogeneity (i.e. low value o f T) and with low metal loading (low [M]/[DOC] mole 

ratio) as found for Co.
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3.3.3 Comparison of the experimental results with the WHAM VI predictions

Figure 7 presents a comparison of the experimentally measured results with the 

WHAM VI prediction for the four metals in the undiluted effluent. It is important to 

note that for the metal speciation, CLEM/AdCSV [10, 25-30] gives an analytical 

signal which represents the total concentration o f all labile complexes including free 

[M2+]. CLEM/AdCSV yields kinetically distinguishable components o f the metal (II)- 

DOC complexes and their dissociation rate coefficients. The percent labile fraction is 

multiplied by the total metal concentration of the sample, yielding a concentration 

value that represents the labile complexes. The measured value therefore represents 

the sum of the weak metal complexes, whereas the WHAM-VI predicted values 

represent the free metal ions and weak inorganic complexes. Figure 3.7 shows that 

the free metal ion and inorganic metal complexes concentrations predicted by 

WHAM VI compare reasonably well with the measured concentration o f the sum of

the labile complexes o f the metal. The (-----) line represent 1:1 line. One major

problem in modelling by WHAM is that it requires an input datum for the 

concentration o f “active” DOC, i.e. the concentration of DOC that behaves like 

isolated, purified HS and is actively involved in the binding o f metals. This is the 

most important parameter since it determines the number of binding sites available to 

the metals. Since the value o f the “active” concentration o f DOC, although critical, 

was not known, the effluent sample was modelled using five different active DOC 

concentrations: 40, 50, 60, 67, and 80% of the DOC as “active” [31-37] to determine 

the “active” DOC concentration that best fitted the measured labile-metal-ion 

concentrations.
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Figure 3.7 Comparison of the WHAM VI predicted pLablle Metal with the measured 

concentration pLablle Metal (ExPerimenta|) 0 f  labile metal complexes in the 

undiluted (100%) effluent sample collected from Copper Cliff Mine, 

Sudbury, Canada,; the effluent sample was modeled using 67% as 

active DOC.
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Figure 3.8. Comparison of the WHAM VI predicted p Lablle Metal with the measured 

concentration p Lablle Metal (expenmental') o f labile metal complexes in the 

diluted (45%) effluent sample collected from Copper Cliff Mine, 

Sudbury, Canada, the effluent sample was modeled using 67% as 

active DOC.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



103

The WHAM VI model with 67% active DOC concentrations fits well with the 

experimental results o f Cu (II), Ni (II) and Zn (II) complexes; however, for Co (II), 

the WHAM VI model with 67% active DOC concentration predicts higher than the 

measured value. The experimentally measured values of these four metals in the 

diluted effluent also compare reasonably well with the prediction o f WHAM VI, 

using 67% active DOC concentration, as shown in Fig. 3.8. The measured values of 

the % of metal released from the Cu (II)-DOC and Zn (II)-DOC complexes agree 

very well with the WHAM VI predictions. However, for the Ni (II)-DOC and Co 

(II)-DOC complexes, WHAM VI predicts higher free metal ion concentrations. 

Comparison o f Figs 3.7 and 3.8 brings out minor differences in their deviation from 

the 1:1 line, which may not be statistically significant. The decrease in ionic strength 

on dilution of the 100% effluent probably caused a conformational change, resulting 

in unfolding o f the polymeric random coil o f DOC into a flexible linear polymer with 

more accessible binding sites, not accounted for in WHAM VI. One major limitation 

o f WHAM VI is that conformational changes in DOC have not been provided for in 

the formulation o f WHAM VI. The significance of this work is that it throws light 

into hitherto unknown effects o f dilution o f mine effluents containing Ni, Co, Zn, and 

Cu. The above finding will provide managers and decision-makers o f water resources 

with a better scientific understanding for decision-making, taking into consideration 

the new constraints on the chemical compositions o f receiving waters for mine 

effluents imposed by the above metals.
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4.1 Introduction

This chapter explores the speciation of nickel and copper in aqueous effluents from 

mining operations by using the Diffusive Gradients In a Thin-Films (DGT) 

Technique [1], and investigates the effect of dilution o f the aqueous effluent on the 

release o f metals from metal-DOC complexes.

The DGT technique is a relatively new technique to investigate free metal ion and 

their weak metal complexes in aqueous systems. The DGT technique has two distinct 

advantages over traditional techniques in that it (1) preconcentrates the analyte in the 

binding phase, and (2) eliminates matrix effects [2]. This technique is based on mass 

transport control o f the metal species o f interest in natural waters [3-5], soils [3 ,4  and 

6], and sediment pore waters [7, 8], and makes use of two hydrogel layers. For 

metals, it is based on the diffusion o f free (hydrated) metal ions and labile soluble 

metal complexes at a known rate through a diffusive hydrogel o f known thickness, 

and successive immobilization o f the metal cations on a chelating resin. The DGT 

technique measures only dissolved species with molecular sizes sufficiently smaller 

than the pore size o f the hydrogel to allow them to diffuse freely through it, and 

which are sufficiently labile to bind on the functional groups o f the binding resin. The 

amount o f metal immobilized on the resin is a measure o f the concentration of 

available metal in the aqueous system [9],

Different kinds o f binding resins have been used as a binding gel layer in the DGT 

technique; the most popular resin is Chelex-100. Iminodiacetic acid has also been 

found to be an excellent material to make binding gel for divalent and trivalent metal 

ions. Chelex 100 is a robust and tolerant resin; it functions best for most metals in the
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pH range o f 5-9. In most applications of DGT, Chelex 100 has been used. This paper 

evaluates the performance of the DGT technique for the determination o f metal 

speciation in a complex mine aqueous effluent. Chelex-100 resin was used as a 

binding gel for copper and nickel. The selectivity o f Chelex resin for metal cations is 

the same as that o f iminodiacetic acid. The selectivity factor o f Chelex resin for 

copper and nickel when present with zinc are 126 and 4.40 [10]; these numbers are 

quantitative measures o f the affinity that Chelex resin has for copper and nickel ions 

compared to its affinity for zinc ion. The high selectivity of Chelex resin for copper 

and nickel relative to zinc is the reason for our use of Chelex rein as a binding layer in 

this project. It has been reported previously that the DGT technique proved to be 

efficient to measure integrated values o f labile metal concentration especially, when 

short-time variations of the concentration are of great interest..

As a first step toward the monitoring o f labile metals in metal-impacted waters using 

the DGT technique, this study focuses on copper and nickel fractionation in the 

presence o f other ligands. The purpose is to explore complexation reactions between 

metals and heterogeneous complexants in the mine effluent. The results obtained by 

the DGT technique are compared with the data presented in chapter 3. As a matter of 

fact, only few studies attempted to measure and compare labile fraction o f Ni and Cu 

in mine effluent simultaneously with DGT device [11].
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The aim of this work was to study the chemical speciation o f Ni(II) and Cu(II) in the 

mining effluent by using DGT technique and to evaluate the effectiveness o f DGT as 

a speciation technique for complex mine effluents.

4.2 Theory:

DGT’s theoretical basis is diffusion of metals in a hydrogel and sorption properties of 

a metal-binding resin [1-2]. Diffusional transport o f metals in solution to a cation- 

exchange resin occurs through a hydrogel layer. The underlying binding layer is 

traditionally a Chelex-100 resin-impregnated hydrogel layer. Free metal ion and 

labile complexes which dissociate very fast in freshwaters diffuse through the 

diffusional layer and bind to the binding layer (Figure 4.1).

Resin layer

.§

I
J

&g A X

Figure 4.1 Representation o f the concentration o f free metal ion species in a DGT 

device and adjacent water during deployment (adapted from INAP 

2002)
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The concentration o f the DGT labile fraction o f metal (C*) in natural waters, i.e. 

species that are diffusible through a diffusion layer having certain pore size and 

reactive to the binding resin, can be estimated by measuring the mass o f a metal (M) 

accumulated in the binding resin for a certain deployment time (t), after elution in an 

acidic solution using the DGT equation developed by Zhang et al. [1]:

c  . = f ‘ ]
D tA

• 2  1where Ag  is the thickness o f the diffusive gel, D  the diffusion coefficient (m s ' ) of 

the free metal ion in the diffusive gel, and A is the area of the DGT device exposed to 

the solution. The Diffusive Boundary Layer (DBL) thickness can be calculated by 

using equation 3 [1]. In this equation, 8 is the DBL thickness.

1 Ag 5— = -------  +   |2J
M DCbtA DCbtA

However, equation 2 has two unknowns (Cb and 8); thus in order to solve for both the

variables, a second equation is required and it has been developed through

deployment o f an additional DGT device having a different diffusive gel layer

thickness (Ag' and Ag");the DBL thickness can be calculated by equation 3 [1].

( M A g ')(Ag ') -  ( M A g ") (Ag ")
g =   p ]

(M A g  M A g  ')

MAg' and MAg" are the measured mass o f the analyte metal in the binding gel of DGT 

device having a diffusive gel thickness o f Ag' and Ag", respectively.

The DGT-labile concentrations have been calculated according to the DGT equation

1. The DGT-labile fraction of metal ions (¥ )  is defined as
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DGT labile metal ion concentraion
V = ------------------------------------------------------------  [4]

Total metal concentration

4.3 Experimental

4.3.1 Reagents and material

Polyacrylamide (PAM) hydrogel diffusion layers, Chelex 100 impregnated binding 

phases and plastic DGT holders were purchased from DGT Research Ltd. (UK). DGT 

samplers were assembled based on procedures as described below [2]

membrane filter

. diffusive gel 

resin layer

outer sleeve with window

piston

Figure 4.2 Schematic representation of a section through the DGT assembly.

A plastic base piston (2.5 cm diameter) was loaded with resin gel, diffusive gel and 

filter and the plastic top securely push fit over it to leave a 2.0 cm diameter window. 

0.45 |Jm pore-size cellulose acetate filter (Advantec MFS, USA) used as a covering 

membrane. PAM gel and Chelex gel were prepared by the following procedures [1]. 

Schematic representation of a section through the DGT assembly is presented in 

Figure 4.2.
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4.3.2 PAM gel preparation

PAM hydrogel containing 15% by volume acrylamide and 0.3% by volume Acryaide 

agarose cross-linker was used throughout this work as the diffusive gel layer. For 

lOmL of gel solution, 70pL of freshly prepared ammonium persulphate initiator 

(10%) and 20 pL o f TEMED catalyst were added. The solution was immediately cast 

between two glass plates separated by plastic spacers and allowed to set at 

temperature o f 40±5°C. The thicknesses o f the PAM gels were 0.040, 0.080 and 

0.120 cm. The gels were cut into 2.5 cm diameter discs before use.

4.3.3 Chelex gel preparation

The binding resin gel consisted o f 2g of ion-exchange resin Chelex-100 (Na form, 

100-200 wet mesh) in 10 mL of gel solution. Less ammonium persulphate and 

TEMED were used to prolong the setting process and allow the resin to settle by 

gravity to one side of the gel as a plane o f approximately close-packed beads.

The following aqueous effluent sample supplied by Copper Cliff mine in Sudbury, 

Ontario, Canada, were used: one was undiluted aqueous effluent (100%); the other 

was diluted with the laboratory tap water so that it contained 45% of the original 

aqueous effluent (45% effluent); henceforth, these two aqueous effluent samples will 

be identified simply as the 100% and the 45% effluent, respectively. Temperature, pH 

and conductivity were measured immediately after the samples were received at the 

laboratory using Accumet pH meter, manufactured by Fisher Scientific, Model 20. 

The pH meter was calibrated prior to the measurement, and the data were collected 

for at least 30 min. The pH was measured to ±0.01 pH unit. The laboratory tap water
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used by Copper Cliff Mine to dilute the 100% aqueous effluent to 45% aqueous 

effluent contained 2mg/L DOC.

4.3.4 Materials and Methods

Standard commercially available DGT devices consisting o f a simple, tight-fitting 

piston design with a 2 cm diameter window were used for all measurements. The 

DOC was measured with 01 Analytical model 1010 TOC Analyzer. The metals (total 

dissolved concentrations) were determined by Inductively Coupled Plasma Mass 

Spectrometry using Perkin-Elmer Elan 6000 ICP-MS or, ICP-OES (already 

mentioned); the anions were determined by ion chromatography. Concentrated nitric 

acid (Optima Fisher Scientific) was used for all acidification. The acid and sodium 

hydroxide (Fisher Scientific) were used to adjust the solution pH. All experiments 

were carried out in Teflon containers. A Perkin-Elmer AAnalyst 600 Graphite Furnace 

Atomic Absorption Spectrometer (GFAAS) with Zeeman Background Correction, 

equipped with an AS 800 autosampler, was used for the determination o f Ni and Cu 

concentrations. The transversely-heated graphite tubes (Perkin-Elmer) were 

pyrolytically-coated, and were equipped with integrated L ’vov platforms. The signal 

was measured in the peak area mode. Each completed determination was followed by 

a 2-s clean-up cycle o f the graphite tube at 2400°C. During the drying, ashing and 

clean-up cycles, the internal argon gas was passed through the furnace at 300 

mL/min, but the gas flow was interrupted during the atomization step.
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4.4.4 Analysis

After deployment, the Chelex 100-gel layers were cautiously removed from the DGT 

devices and placed in 1.5 mL vials. lmL of ultrapure nitric acid was then added, and 

the test samples were left for 1 day to leach out all bound metals from the resin into 

the nitric acid. A Perkin-Elmer Graphite Furnace Atomic Absorption Spectrometer 

(Analyst 600) was used to determine the concentration of metals in the eluent test 

samples, from which the accumulated metal was calculated. Total concentrations of 

major cations and trace metals in acidified filtered samples were determined by 

Inductively Coupled Plasma-Atomic Emission Spectrometry or Inductively Coupled 

Plasma-Mass Spectrometry (ICP-MS). The Competing Ligand Exchange Method in 

conjunction with Adsorptive Cathodic Stripping Voltammetry was used for 

determining the speciation of nickel and copper using the optimized experimental 

conditions for the speciation of copper and nickel in mine aqueous effluents which 

have been discussed in previous chapter.

4.4.5 QA/QC

Quality control for metal analyses included repeated injections and periodic analysis 

of the Certified Reference Standard, NIST 1640. A prior set o f sample was re

analyzed if  the measured value differed from the certified value by > 10%. The 

relative standard deviation o f replicate determination was typically <5%. The 

concentration was determined using analytical calibration curve. Every fifth sample 

analyzed was a blank. All measurements were done in quadruplicate.
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4.5 Results and Discussion

The pH of undiluted 100% and diluted 45% effluent samples were measured 

immediately after filtration o f the sample through 0.45 pm Gelman filters and found to 

be 7.30 + 0.05 and 7.20 ± 0.05, respectively. The conductivity o f undiluted 100% and 

diluted 45% effluent samples were measured immediately after filtration and found to 

be 300 + 3 mS and 165 ± 3 mS, respectively. A series o f experiments were 

performed using gel assemblies (DGT unit) to test Eq. 1. This set o f experiment was 

important to check the applicability o f the DGT device for the very complex mine 

effluent samples. When gel assemblies with fixed exposure surface area (3.14 cm ) 

and diffusive gel layer thickness were exposed to the effluent samples with 

continuous stirring for different times, the measured mass o f copper and nickel 

increased linearly with time (Figs. 4.3 and 4.4). Gel assemblies with different 

diffusive gel thicknesses were also exposed to effluent samples for a fixed time. The 

measured mass o f copper and nickel were inversely proportional to the diffusion layer 

thickness. These observations nicely agree with the theoretical predictions (Figs. 4.5 

and 4.6). The results confirm the principle and mechanism of the DGT technique and 

allow Eq. 1 to be used for calculating the bulk concentrations o f labile copper and 

nickel in Copper C liff Mine aqueous effluent samples. To determine the thickness of 

the diffusive boundary layer (DBL) at the surface o f the DGT devices, a set of the 

DGT devices with two different gel layers thicknesses (0.4 and 0.8 mm) o f APA gel 

were deployed in triplicate. The thickness o f the DBL was calculated using Eq. 3, and 

was found to be 0.074mm. Total dissolved concentrations o f nickel, copper, DOC and
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all other properties o f the samples have already been reported in Chapter 3. In this 

chapter, a few important data are summarized in Table 4.1. The dissolved 

concentrations o f nickel and copper in 100% Copper Cliff mine aqueous effluents 

were 141.2 and 241.9 pg/L. The concentration o f DOC in 100% mine effluent was 

found to be 6.1 mg/L. The metal speciation data for Ni and Cu in 100% Copper Cliff 

mine effluent samples by the DGT technique are presented in Tables 4.2 and 4.3. It 

was found that 81.3 ± 3.9 pg/L of labile Cu (DGT labile) was present in the 100% 

mine aqueous effluent sample. These results were obtained by using a DGT with a 

diffusive gel of 0.04 cm thickness (Table 4.2).
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Table.4.1. Some chemical characteristics o f the undiluted (100%) and the diluted 
(45%) effluent.

Properties Undiluted 
(100%) effluent

Diluted 
(45%) effluent

PH 7.3±0.05 7.2±0.05

Conductivity (mS) 300+3.0 165+3.0

Colour Colourless Colourless

Smell Pungent smell Pungent smell

Analyte Concentrations in 100% 
effluent

Concentrations in 45% 
effluent

[DOC] (mg/L) 6.12 3.25

[DIC] (mg/L) 1.73 11.23

[Co] (M) 2.14xl0'7 1.04x1 O'7

[Ni] (M) 2.41x1 O'6 1.05x1 O'6

[Cu] (M) 3.81xl0'6 1.74x1 O'6

[Zn](M) 3.58xl0'7 2.58xl0'7

[Cd] (M) 3.65xl0'8 2.58xl0‘8

[Na] (M) 4.35x10‘3 2.17x1 O'3

[Fe] (M) 5.9x 10'7 2.6x 10’7

[Al] (M) 5.97xl0"6 2.99x1 O'6

[Ca] (M) 1.37x1 O’2 6.87xl0'3

[K](M) 8.95x10‘4 4.48xl0'4

[Mg] (M) 1.23x1 O'3 6.16xl0'4

[S04f(M ) 2.08x1 O'2 1.04x10'2

[Cl]' (M) 2.5xl0'3 1.3xl0'3

[N03]' (M) 1.94x10'4 4.9x10'5

pH and conductivity were measured by an Accumet 20 pH/ conductivity meter from 
Fischer Scientific. DOC = Dissolved Organic Carbon; DIC = Dissolved Inorganic 
Carbon;DOC was measured with an 01 Analytical Model 1010TOC Analyzer.The 
metals (total dissolved concentrations) were determined by Inductively-coupled 
plasma mass spectrometry by Perkin-Elmer Elan 6000 ICP-MS and Inductively 
Coupled Optical Emission Spectroscopy. The anions were determined by ion 
chromatography.
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Figure 4.3: Plot o f measured mass o f Cu accumulated in the binding gel o f DGT

vs time (h) at 25°C. (•) 100% Copper Cliff Mine effluent; (A) 45% 

Copper Cliff Mine effluent.
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Figure 4.4 : Plot of measured mass of Ni accumulated in the binding gel o f DGT

vs time (h) at 25°C. ( • )  100% Copper Cliff Mine effluent; (A) 45% 

Copper Cliff Mine effluent.
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DGT device at 25°C. (•) 100% Copper Cliff Mine effluent; (A) 

45% Copper Cliff Mine effluent.
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25°C. (•) 100% Copper Cliff Mine effluent; (A) 45% Copper Cliff 

Mine effluent.
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The concentration of labile Cu in the diluted 45% aqueous effluent was found to be 

38.2± 3.9 pg/L by calculation using Eq 1. This decrease in the concentration of labile 

copper complexes (DGT labile) was due to the decrease in the total copper 

concentration in the diluted 45% mine effluent sample. The total copper concentration 

in 45% mine aqueous effluent was 110.5 pg/L. However, the labile fractions of 

copper in 100% and 45% aqueous effluents were found to be very close to each other, 

and there was no significant change in the percentage of labile fraction o f total copper 

(Table 4.4). The similarity in the percentage o f labile fraction o f copper in 100% and 

45% mine aqueous effluent was probably due to the similar Cu(II) to DOC mole 

ratio. A set o f data is presented in Table 4.2 for labile copper concentration in 100% 

and 45% mine effluent samples by using DGT devices with diffusive gel of different 

thicknesses (Ag). Labile copper concentration in 100% and 45% mine aqueous 

effluent samples were determined by DGT devices with diffusive gel o f different 

thickness (Ag), and similar bulk concentrations were found (Table 4.2). It was found 

that 58.0 ± 2.9 pg/L of labile nickel (DGT labile) was present in the 100% mine 

aqueous effluent sample. The concentration of DGT labile nickel in diluted 45% 

aqueous effluent was found to be 23.5± 0.1 pg/L. These results were obtained by 

using a DGT with a diffusion layer o f 0.04 cm thickness (Table 4.3). The 

concentration o f total labile nickel complexes (DGT labile) in 100% mine effluent 

and 45% effluent was determined by using the DGT technique with diffusive gel 

layer with different thicknesses. All these data are presented in Table 4.3.
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Table 4.2. Chemical speciation of Cu-DOC complexes in diluted and in undiluted 

Copper Cliff Mine aqueous effluents obtained by DGT technique.

Ag (cm) D G T L a b H e  Cu in 100% Effluent

(flg/L)
D G T L a b ile  £ u jn 4 5 0 / ,  Effluent ( g g / L )

0.04 81.3+3.9 38.2±3.9

0.08 82.5+2.4 40.6±1.7

0.12 82.4±1.3 39.1+2.4
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Table 4.3. Chemical speciation of Ni-DOC complexes in diluted and in undiluted 

Copper Cliff Mine aqueous effluents obtained by DGT technique.

Ag (cm) D G rT L ab iie  Ni jn 100% Effluent

(gg/L)
DGT Labile N i in 45% Effluent

(gg/L)

0.04 57.9 + 2.9 23.5+ 1.0

0.08 58.1 + 1.5 24.1 ±0.1

0.12 55.0 + 1.7 21.2± 2.0
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Total labile concentration of nickel complexes in both the effluent samples 

determined by DGT devices with different diffusive gel thickness (Ag) are in good 

agreement with each other.

The labile fraction o f nickel in 100% and 45% aqueous effluent remained almost 

unchanged and there was no significant change in the % of labile fraction o f nickel 

after the dilution of the effluent sample (Table 4.4). Similar percentages o f labile 

fraction for nickel in 100% and 45% mine aqueous effluent was probably due to the 

similar Ni(II) to DOC mole ratio. The dilution o f effluent sample showed that there 

was no significant change in the percentage o f labile fraction o f both copper and 

nickel. Data presented in the previous chapter o f the same samples by using 

Competing Ligand Exchange Method (CLEM) in conjunction with Adsorptive 

Cathodic Stripping Voltammetry (AdCSV) showed that there was also no significant 

change in the percentage of labile fraction of copper in the undiluted and diluted 

effluent sample. However, a drastic decrease in the percentage o f labile fraction of 

nickel was observed after dilution (Table 4.4) by CLEM/AdCSV using 

dimethylglyoxime (DMG) as a competing ligand. As discussed in the previous 

chapter, the large decrease in the [Ca]r0tai concentration which probably represents 

[Ca2+] concentrations in the diluted effluent resulted in a large decrease in the 

screening o f coulombic interactions between the Ni2+ cations and the humate 

polyanions, thereby increasing the free energy of coulombic interactions in the 

metal-DOC bonding. This increased the strength o f the Ni-DOC binding, which 

resulted in the observed decrease in the percentage release o f Ni. Secondly, the 

change in the conformational properties o f DOC, resulting from the dilution o f the
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100% effluent sample, may be due to decrease in the ionic strength in the diluted 

effluent sample. However, the percentage o f labile fraction o f the total nickel in the 

45% effluent sample determined by DGT technique does not agree well with the 

previous explanation. There was no significant change in the percentage of labile 

fraction (DGT labile) o f total nickel in diluted 45% effluent sample. The labile 

fraction (L) is expressed by Eq. 5, and has been determined by electrochemical 

techniques.

L = 7- x 100 [5]
io

where, ip and i0 are the current for the complex system and the reference current 

under conditions o f no complexation, respectively, which means ip/i0 represents the 

fraction of the total metal released by the metal-complex. Adsorption o f surface 

active species on the HMDE can prevent metal from undergoing electrochemical 

reactions on the HMDE and can reduce ip and hence, decrease the labile fraction (L). 

Table 4.4 shows that the percentage of labile fraction for nickel in 100% and 45% 

effluent samples, as determined by CLEM/AdCSV, were radically different, with the 

45% mine effluent giving much smaller values than those of the 100% mine effluent, 

whereas the percentage o f DGT labile fractions for the 100% and 45% mine effluent 

gave nearly equal results. For explanation, it is necessary to understand both the 

measurement techniques. Before the results are compared, it is essential to emphasize 

the basic difference between these two measurement techniques.

DGT measures a flux which is used to calculate an average concentration over the 

deployment period, and the discrimination o f metal species in the gel is based on size, 

lability and mobility (diffusion). A gel pore size o f ~5 nm permits free metal ions,
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inorganic metal complexes and small organic metal complexes to diffuse, whereas 

particles o f larger size and large colloids are excluded. Since the complex must 

dissociate in the hydrogel to be measured, only metal complexes with sufficiently 

rapid dissociation rates will form metals to be retained by the resin. Kinetically inert 

species are thus excluded.

However, in CLEM/AdCSV, the electrochemical response depends on the 

dissociation o f M-DOC bond in the sample solution and diffusion o f M-AL complex 

(AL= Added Ligand), through the diffusive boundary layer to the electrode, which is 

constant at a constant deposition potential, pH and ionic strength. In calculating the 

DGT labile fraction o f metal, the diffusion coefficient o f free metal ion was used to 

calculate the percentage o f the metal ions and the labile metal complexes having 

diffusion rate coefficient similar to the metal aqua complex. However, in 

CLEM/AdCSV, all labile metal complexes were included in the process. Secondly, 

the measurement process by the DGT devices occurs via exclusion o f species larger 

than the pore size o f the diffusive medium. As a result, there is a probability of 

excluding large but weak metal complexes in the DGT technique 

The percentage o f labile fraction o f copper determined by CLEM/AdCSV was higher 

than the percentage of labile fraction o f copper determined by the DGT device both in 

100% and 45% Copper Cliff Mine effluents (Table 4.3). This indicates the existence 

of high-molecular-weight labile copper species both in the 100% and 45% Copper 

Cliff Mine effluents. Fractions o f labile copper complexes were small enough to pass 

through the diffusive gel o f the DGT device. It is also well known that metal 

complexes of humic substances have diffusion coefficient substantially lower than the
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free metal ion [12]. Since the diffusion coefficient for free ions was used in this study, 

the DGT labile concentrations were probably underestimated, contributing to the 

difference measured by the two methods. It has been reported by Scaly et al. that 

complexation by simple organic ligands such as nitrilotriacetic acid (NTA) or 

diglycolic acid (DGA) lower the diffusion coefficient of trace metal in the gel by 

approximate 25%[13, 14]. If we use this reduced diffusion coefficient for copper and 

assume that 100% copper o f the concentration measured with DGT is complexed with 

simple organic ligands the results are different from those obtained by 

CLEM/AdCSV.
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Table 4.4. Comparison of the labile metal fraction determined by DGT with the 

labile metal fraction determined by CLEM/AdCSV.

Metals Effluent aqueous 
samples

Percentage (%) of labile 
fraction of the total 

metal, determined by 
CLEM/AdCSV (//z0%)

Percentage (%) 
of DGT labile 

metal fraction of 
total metal (i|/)

100% Mine Effluent 53.5+0.6 33.9±1.2
Cu

45% Mine Effluent 62.0+1.0 35.6+0.5

100% Mine Effluent 38.5±0.1 41.0±1.5
Ni

45% Mine Effluent 1.5+0.5 38.2±1.0
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Table 4.4 suggests that copper in both 100% and 45% effluent samples formed larger 

Cu(II)-HS complexes having slow diffusion rate coefficients, and labile Cu(II)-HS 

complexes larger than the pore size of the diffusive gel could not cross the diffusive 

gel membrane in the DGT device. However, the percentages o f labile nickel 

complexes determined by both techniques in the 100% Copper Cliff Mine effluents 

were in very good agreement with each other. These results suggesting the presence 

o f small labile nickel complexes which diffused through the pore size o f the diffusive 

gel. It was reported by Hassan et al. [15] that labile Ni complexes in Copper Cliff 

Mine effluent were a mixture o f nickel aqua complex and/ or small very weak organic 

and inorganic complexes. Fillela et al. [16] have also reported that the greatest 

proportions o f dissolved trace metals are in the low molecular weight fraction.

The measured DGT labile fractions of nickel in the 100% Copper Cliff Mine aqueous 

effluents using the diffusion coefficient o f free nickel ion are in good agreement with 

the results obtained by CLEM/AdCSV. This probably indicates that labile nickel 

complexes in the 100% Copper Cliff Mine effluent have a diffusion coefficient 

similar to that of free nickel ion and labile nickel complexes in the 100% Copper Cliff 

effluent are small in size.

The WHAM predictions for nickel ion and its inorganic complexes in the 100% 

effluent are in very good agreement with CLEM/AdCSV [17] results. However, in the 

45% aqueous effluent, the percentage o f labile nickel species determined by 

CLEM/AdCSV is much lower than that o f labile Ni given by the DGT. We have no 

explanation for this difference. WHAM predictions agree with the labile Ni 

concentration determined by the DGT technique.
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4.6 Conclusions:

Comparison o f these two sets o f speciation data tell us that Cu(II) in the undiluted 

100% and the diluted 45% mine effluents formed small-sized and large-sized labile 

complexes. The smaller Cu(II) labile complexes were determined by DGT technique; 

however, larger complexes were not determined by the DGT technique. Labile Ni(II) 

complexes in the 100% undiluted effluent had diffusion coefficients similar to that of 

nickel aqua complex, and hence, could be bioavailable. Speciation data by these two 

techniques were complementary and provided a more comprehensive picture and a 

better insight into the physical and chemical characteristics o f the metal species than 

either the DGT technique or the complex dissociation kinetics alone could do.
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5.1 Introduction:

There is an increased need for rapid determination o f speciation parameters o f several 

trace metals in sample solutions with a single measurement in various fields like 

environmental and industrial metal pollution control. The literature contains number 

o f publications on the multielement analysis o f trace metals concentrations by various 

techniques, such as Inductively Coupled Plasma Mass Spectrometry (ICP-MS) [1-5], 

Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) [6-9], 

Graphite Furnace Atomic Absorption Spectrometry (GFAAS) [10-13], and Anodic 

Stripping Voltammetry (ASV) [14-18]. However, it is generally recognized total 

metal concentrations in freshwaters do not reflect the water quality, and that the 

specific physicochemical forms (i.e. chemical speciation) rather than the total metal 

concentrations determine their reactivity, transport and fate in the natural 

environment. Ecotoxicity o f a metal is generally correlated with metal speciation and 

not with the total metal concentration. Humic substances which are ubiquitous in the 

aquatic environment are structurally complex macromolecules. In general terms, their 

structures can be described as assemblies o f covalently linked aromatic and aliphatic 

residues carrying carboxyl, phenolic and alkoxy group, although sulphate, ester, 

alanine, semiquinones, phosphate ester, and other moieties have been proposed for 

some humic isolates. The major functional groups in humic substances are -COOH, 

phenolic-OH, and alcoholic OH groups. Functional groups o f humic substances in 

natural waters bind potentially toxic metals, preventing them from being bioavailable, 

thereby making the aquatic environment livable for biota. Humic substances react 

with metals in various ways, one o f which is complex-formation, preventing their
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precipitation. In the dissolved state, humic substances control speciation and transport 

of trace metals in natural waters [19-21].

Reports on simultaneous determination o f speciation parameters o f trace metals are 

scarce [22-24]. ICP-MS, ICP-AES are very useful techniques for simultaneous 

determination o f speciation chemistry o f trace metals only in uncontaminated 

freshwaters having very low concentrations of dissolved metals and DOC [25-29].

Eletrochemical stripping analysis is an extremely sensitive technique for 

determining trace metals [30-31]. Since the metals can be preconcentrated into 

mercury electrode by factors o f 100-1000, detection limits are improved by 2-3 orders 

of magnitude compared to metal concentrations in original samples. Four to six 

metals can be determined simultaneously in various matrices at concentration levels 

down to 10‘10 M, utilizing relatively inexpensive electrochemical stripping 

instrumentation.

Electrochemical stripping techniques have the ability to differentiate between 

different physicochemical forms (chemical speciation) o f metals. Also, their high 

sensitivity enables direct (i.e. without external preconcentration) determination of 

trace metals in natural waters with minimum sample treatment so that chemical 

equilibrium in the bulk solution is not perceptibly disturbed. However, for metal 

speciation in natural waters, ASV suffers from the problem of adsorption of dissolved 

organic carbon on the Hanging Mercury Drop Electrode (HMDE) used in ASV. 

Hydrophobic organic part of humic substances are easily adsorbed on the surface of 

HMDE, thereby preventing metal ions from undergoing electrode reaction at the 

electrode surface and resulting in a decrease in peak current and in erroneous signals.
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Also, intermetallic compound-formation of different trace metals may lead to 

erroneous results. However, these disadvantages can be minimized by optimizing the 

electrochemical and experimental parameters.

Simultaneous determination o f chemical speciation o f trace metals in natural waters is 

a difficult challenge, requiring quantitative, simultaneous determination of 

concentrations o f multimetals and their speciation parameters. The objective o f this 

paper is to investigate the advantages and limitations o f simultaneous determination 

of speciation parameters of Cu, Zn, Cd and Pb in model solutions o f Suwannee River 

Fulvic Acid (SRFA) using pseudopolarography. It is necessary to start with model 

solution o f SRFA as a preliminary step to invstigation o f fulvics in their metal- 

complexation in natural waters.

Scanned Stripping Voltammetry (SSV) involves a series o f ASV cycles that are 

plotted as a function o f the deposition potential, producing an s-shaped, polarogram- 

like curve, known as pseudopolarogram, which reflects thermodynamic and kinetic 

properties o f metal complexes in aqueous media. In this work, all speciation 

parameters and complexing properties o f trace metals are represented by Differential 

Equilibrium Functions [32].

5.2 Theory

5.2.1 S can n ed  S tripping Voltam m etry (SSV)

The voltammetric current-potential curve was used to determine speciation 

parameters by using the following equation, which was developed by Filella et al. 

[34].
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where Eo is the standard potential (V) of the redox couple, R is the universal gas 

constant (8.314 J K '1 mol'1), T is the absolute temperature in kelvin (K), n is the 

number o f electrons involved in the redox reaction, F is Faraday constant (96,485 C 

mol'1), D r  is the diffusion coefficient o f reduced form of M in mercury, D m l  is the 

diffusion coefficient o f M L in the solution, ium is the diffusion-limited current, and i is 

the measured current. A is Freundlich constant; C m ,t  and c l ,t  are the concentrations of 

M  and L, respectively, in the bulk solution. T  is degree o f heterogeneity o f the system 

and is independent o f experimental conditions. T is related to the complexation buffer 

intensity o f the system and to the range o f log K* (where K* is the Differential 

Equilibrium Parameter) in which the heterogeneous complexant is effective. The 

smaller the T, the larger is the range. This equation is based on the following 

assumptions: (a) free M  is reversively reduced into M°; all complexes are labile at the 

electrode surface; [M ]b »  [M] (i.e. [M]b= C m )  where, [M]b is the concentration of 

metal bound to DOC and [M] is the total metal concentration in the sample; the 

Freundlich adsorption isotherm is followed; and there is no adsorption o f complex or 

complexant at the electrode surface.

The meaning o f T and its constancy make it a very important parameter for describing 

the properties o f heterogeneous complexant such as humic substances, especially for 

interpretation of voltammetric signals. The advantage o f equation 1 is that the
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heterogeneous properties o f the complexant (i.e., T) is explicitly considered. The 

parameter can be directly calculated from the polarograms by using Eq. 1.

5.2.2 Differential Equilibrium Function (DEF)

The Differential Equilibrium Function (DEF) was first introduced by Gamble and 

Langford, [33, 34] and was further developed by Filella et al. [32] to describe 

thermodynamic stability o f metal complexes o f naturally-occurring, heterogeneous 

complexants, such as humic and fiilvic acids. Following Filella et al. [32], the DEF is 

expressed as:

log 0 = r log k !  -  r log K* ^2)

where K* is the Differential Equilibrium Parameter, and 0 is the degree of occupation 

o f sites. Ko* is a constant and has no special significance other than the fact that it is 

the value o f AT*when all the sites are fully occupied (i.e. when 0 = 1).

The constant, Ko*, was determined from the shift o f the polarographic wave relative 

to the pseudopolarogram of the metal aqua complex using equations 3 [35] and 4

potential in the presence o f ligand, ium is the limiting current in the absence of ligand,

[32].

(3)

where Ej/2  is the half-wave potential in the absence o f ligand, El 1/2 is the half-wave

him is the limiting current in the presence o f ligand, and a  (the degree of 

complexation) which is related to Ko* by equation (4)

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



141

(4)

Since Differential Equilibrium Function explicitly accounts for 0 (the degree of 

occupation of sites by the metal), Ko* is relatively independent o f the experimental 

conditions. However, determination o f Y and Ko* still may be influenced by the 

limitations o f ASV used in determining them.

5.2.3 Diffusion Coefficients

In ASV, the limiting current, at a constant potential, E, on a spherical stationary 

electrode is given by [36]:

where D is the diffusion coefficient o f the metal complexes in aqueous solution, A is 

the electrode surface area exposed to the analyte, 8 is the diffusion layer thickness, 

and r0 is the radius o f the electrode; all other terms have been defined previously.

For large electrodes (marcroelectodes), l/r0«  1/8, so that inm is primarily dependent 

on 8, which itself depends on the hydrodynamic conditions [36]:

In the case of reproducible stirring by a magnetic stirrer [37]:

where 03 is the rotation rate of the stirrer, and g is a constant that depends on the cell 

geometry. Substituting equation 7 in equation 6, one gets:

him =nFADcMT( \ / S  + \ / r u) (5)

(?)

nFADU2cMJG)l/2

g
(8 )
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In heterogeneous systems gives a mean diffusion coefficient, D , which is a weighted 

average of Dm and D m l  [38]:

Q _ D mCm P mLCML ^
CM,T

Where D m  and D m l  are the diffusion coefficient o f the metal and o f the complex (the 

latter is assumed to be equal to the diffusion coefficient of the ligand), respectively; 

Cm, Cml and Cm,t are the free, complexed and total bulk metal concentrations, 

respectively.

5.3 Experim ental

5.3.1 M aterials and  M ethodology 

Suwannee R iver Fulvic A c id  (SRFA)

Suwannee River Fulvic Acid (SRFA, (Catalogue. No. 1S101F) was obtained from 

International Humic Substances Society (IHSS, USA) [39]. The concentration of 

carboxylic and phenolic groups in SRFA has been reported to be 11.44 and 2.91 

mmol g '1, respectively [39]. The molar concentration o f FA considered in this chapter 

is related to the concentration o f carboxylic groups.

5.3.2 Suwannee River Fulvic Acid Model Solutions

Three model solutions (to be henceforth called ‘test solutions’) were prepared in 

ultrapure water containing various concentrations o f SRFA (lx  10'3 mol. L '1, 5x 10'4 

mol. L '1 and 5x 10'5 mol. L '1) and equal-molar concentrations o f Cu(II), Zn(II), Cd(II) 

and Pb(II); the concentration of each of metal was 5x 10'7 mol. L '1. The pH of the test
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solutions was adjusted to 5.0 ± 0.1 using HAc/NaAc buffer. The test solutions were 

left 60 hours in a dark place for equilibration before analysis.

5 .3 .3  Reagents

Standard solutions (1000 mg L '1) of Cu(II), Zn(II), Cd(II) and Pb(II) were purchased 

from SCP Science, Montreal, Canada. Ultrapure water o f resistivity 18.2 MQ-cm was 

obtained from a Milli-Q-Plus water purification system (Millipore Corporation). A 2 

mol L '1 stock solution o f sodium acetate was prepared by dissolving an appropriate 

quantity of sodium acetate trihydrate (ACS grade/BDH) in ultrapure water. A stock 

solution o f 2 mol L '1 potassium nitrate (supporting electrolyte) was prepared by 

dissolving potassium nitrate (Analar, BDH) in ultrapure water. The sodium acetate 

solution was then purified of metals by electrolysis at -1.5 V vs. E sce for a minimum 

of 48 h. immediately prior to its use. While the electrolysis was continued the sodium 

acetate aqueous solution was drained from the electrolysis cell in order to make sure 

that the impurity metals removed by electrolysis did not go back into the sodium 

acetate solution upon the termination o f electrolysis. A 2 mol L '1 stock solution of 

acetic acid was prepared by diluting glacial acetic acid (ACS grade/Anachemia) with 

ultrapure water.

5 .3 .4  Apparatus

Voltammetric measurements were made with a computer-controlled Autolab 

PGSTAT30 potentiostat/galvanostat (Eco Chemie BV, The Netherlands), equipped 

with a Metrohm 663 VA stand (Metrohm, Switzerland). The working electrode was a 

static mercury drop electrode (Metrohm, Switzerland). The reference electrode was a
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Ag/AgCl electrode in a glass tube filled with 3 mol L '1 KC1 and fitted with a porous 

Vycor tip (Bioanalytical Systems, Inc., USA). The counter electrode was made of a 

platinum rod (Metrohm, Switzerland). Analysis o f voltammetric peaks was done 

using the General Purpose Electrochemical Software v4.8 (Eco Chemie BV, The 

Netherlands). The data were transferred to a computer and saved for processing.

5.3 .5  Electrochemical parameters

Every test solution was purged with pure nitrogen gas for 10 min immediately prior to 

analysis. The following optimized operating conditions were used: deposition time 40 

s, equilibration time 15 s, initial potential -1 .2  V, end potential +0.1 V, step potential 

5 mV, modulation amplitude 15 mV, modulation time 50 ms, interval time 500 ms. 

The deposition time was chosen to avoid surface saturation effects during the 

stripping step. The pseudopolarograms were constructed by plotting the peak-height 

current versus the deposition potential. The experimental data were fitted to equation 

2 using a commercial software program, NLREG v5.2 [40].
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5.4 Results and discussion:

To determine the speciation parameters o f four different metals simultaneously and 

accurately by using ASV, optimization of the following experimental parameters was 

done as follows.

5.4.1 Optimizations o f  electrochemical parameters:

5 .4 .2  Deposition time:

In simultaneous determination, the effect o f deposition time on the stripping peak 

currents of Cu, Zn, Cd and Pb over the deposition time range of 40 s to 300 s was 

investigated. The plots o f stripping peaks current o f all the metals as a function of 

deposition time are shown in Fig. 5.1, which shows that at a given applied potential, 

the peaks currents are dependent on the deposition time.

The time required for accumulation o f the metal ion onto the electrode depends on the 

concentration o f the metal ion, less time being required for higher concentrations. An 

increase in the stripping peak current with accumulation time was observed for all the 

four metals. The dependence of the peak current on the accumulation time is limited 

by several factors, e.g. the saturation of the electrode, intermetallic compound 

formation and adsorption of humic substances on the electrode, resulting in the 

current reaching a plateau at high accumulation time, as shown in Fig. 5.1. A 

deposition time of 40 s was used for all these metals as it combines good sensitivity 

with relatively short analysis time and less interference.
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Figure 5.1. Effect o f deposition time on peak currents (7P) o f M(II)-SRFA complexes 

in model solutions o f SRFA .C^r = 5.0 x 10'7 mol L a .C srfa -  1.0 x 10'4 

mol L '1. HOAc/NaOAc buffer, pH 5.0 ± 0.1, temperature = 23 ± 2 °C. 

( • ) ,  Cu(II); (O), Zn(II); (0), Pb(II) and (□ ), Cd(II).
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5 .4 .3  Step potential:

In simultaneous determination, the effect o f step potential on the stripping peaks 

currents of Cu, Zn, Cd and Pb over the step potential range of 2 mV s to 10 mV was 

investigated. The plots o f stripping peak current o f all the metals as a function o f step 

potential are shown in Fig. 5.2. Choice of smaller steps yields a finer resolution on the 

potential scale, but increases the measurement time. A step potential o f 5 mV was 

used throughout the experiment; it provided good sensitivities for all the four metals.

Figure 5.2. Effect o f step potential on peak currents (z'p) o f M(II)-SRFA complexes 

in model solutions of SRFA.Ca/.f = 5.0 x 10'7 mol \ S x . C s r f a  = 1.0 x 10'4 

mol L '1. HOAc/NaOAc buffer, pH 5.0 ± 0.1, temperature = 23 ± 2 °C. 

( • ) ,  Cu(II); (O), Zn(II); (0), Pb(II) and (□ ), Cd(II).
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5 .4 .4  Modulation Amplitude:

The modulation amplitude should preferably be in the range 5-100mV. However, the 

sample matrix influences the modulation amplitude. Larger modulation amplitude 

yields a stronger response, but also broadens the peak, lowering the peak resolution. It 

has been found that above the modulation amplitude of 50 mV, the peak height 

becomes almost constant, probably as a result o f distortion o f the peak due to non- 

linearity effects at larger modulation amplitudes. In simultaneous determination, the 

effect o f modulation amplitude on the stripping peak current o f copper, zinc, 

cadmium and lead over the modulation amplitude range of 15 mV to 85 mV was 

investigated. The plots o f stripping peak current of all the metals as a function of 

modulation amplitude are shown in Fig. 5.3. Larger modulation amplitude yielded a 

larger peak current and a broadened peak, which resulted in a decrease in the 

resolution, and in a lower reproducibility. By trial and error (not reported) it was 

found that the best results were obtained with the use o f the lowest modulation 

amplitude (15mV), which was therefore used.
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Figure 5.3. Effect o f modulation amplitude on peak currents (zp) o f M(II)-SRFA

7 1complexes in model solutions o f SRFA.Cj^r = 5.0 x 10' mol L' . C s r f a  =

1.0 x 10'4 mol L '1. HOAc/NaOAc buffer, pH 5.0 ± 0 .1 , temperature = 23 ± 

2 °C. ( • ) ,  Cu(II); (o), Zn(II); (0), Pb(II) and (□), Cd(II).
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5 .4 .5  Effect o f  Formation ofIntermetallic Compounds:

The formation of intermetallic compounds can cause error in the analysis o f metals by 

ASV. Shuman and Woodward [41] reported that several Cu-Zn intermetallic 

compounds were formed during ASV analysis of solutions containing both copper 

and zinc. It has been reported [43] that there are three soluble intermetallic 

compounds, with copper to zinc ratios of 1:1, 1:2, and 1:3. The formation o f these 

compounds decreases the ASV zinc current and increases the copper current since the 

mercury soluble Cu-Zn intermetallic compounds are electroactive and are oxidized at 

a potential very close to Cu stripping potential. The effect o f Intermetallic-compound- 

formation was investigated in this work.

Peak currents due to simultaneous oxidation o f Cu, Zn, Cd and Pb over the deposition 

time range o f 40 s to 300 s were also investigated. The plots o f stripping peak current 

of Cu(II) and Zn(II) metals as a function o f deposition time are presented in Figs. 5.4 

and 5.5, respectively. The effect of deposition time on the peak current o f copper in a 

test solution containing Pb(II), Cd(II), and Zn(II) shows a linear relationship between 

the peak current and the deposition time with a slope of 0.42. However, the slope 

decreases to 0.34 when Cu(II) was alone in the solution. The increase in peak height, 

hence, in the slope was probably due to formation o f electroactive Cu-Zn alloy. The 

difference in peak heights for Cu(II) in the metal mixture, and for the Cu(II) alone, 

increases with increasing deposition time. Peak heights for zinc in the metal mixture 

solution start to decrease compared to the peak height o f zinc alone after the 

deposition time o f 120s (Fig. 5.5). The slopes o f Pb(II) and Cd(II) remain unchanged 

(data not presented).
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Figure 5.4. Effect of deposition time on peak currents (zp) o f Cu(II) when 

intermetallic compounds are formed in a solution o f metal mixture 
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5.0 ± 0.1, temperature = 23 ± 2 °C. (□), Cu(II) in a metal mixture; (o), 

Cu(II) alone in a solution.
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It is clear from the above studies that the effect o f intermetallic-compounds which 

can cause error in the analysis o f metals by ASV increases as the deposition time 

increases, and the effect can be reduced by decreasing the deposition time. It was 

found that minimum effect of intermetallic-compound was observed at a deposition 

time o f 40 s (Figs. 5.4 and 5.5). Hence, 40 s was used as a deposition time for this 

work.

5 .4 .6  Peak height versus peak area:

It has been reported in the literature [42] that in ASV, peak height is the measure of 

the amount o f the metal oxidized during the stripping step because the peak current is 

directly proportional to the stripping charge [42]. In this study, peak height was used 

as the analytical signal. It was also reported in the literature [43] that for a simple- 

ligand system, the ratio between the signal in the absence and in the presence of 

ligand was the same irrespective of whether peak height or peak area was used. 

However, it was also reported [43] that in the presence o f fulvic acid, a broadening of 

the stripping peak was observed because of chemical heterogeneity effects. For the 

test solutions of metals with SRFA, there may be a significant decrease in the peak 

height, whereas the peak area may decrease to a much lesser extent [44]. Figure 5.6 

shows the plot o f the ratio o f peak areaI peak height for all these four metals show 

almost a zero slope over the range of Ed values employed. The use o f peak area in 

DPASV was proposed as being analytically superior to the use o f peak height for 

determination of metal ions [45]. However, it has been reported by R.M. Town et al. 

[43] that in the more complex DP and SW modes, the peak area cannot be assumed to 

have a direct relationship with the bulk concentration.
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Figure 5.6. Effect o f deposition potential on the ratio of peak area and peak height at

various Cm,t/Csrfa ratios. Cm,t/Csrfa— 0.01 (D);Cm,t/Csrfa— 0.001 (0);

Cm j/Csrfa-  0.0005 (A).
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In this work, peak height was used as the analytical signal in for the simultaneous 

determination of speciation parameters o f these four metals. The voltammogram of 

Cu(II), Zn(II), Cd(II) and Pb(II) were recorded (Fig. 5.7) using the optimized 

experimental conditions.

25 -i

20 -

.0. Cu15 - Zn
OJ
'55
X
w 1 0 -Q>Q.

- 0.6 - 0.2 0.0 0.2- 1.2 - 1.0 - 0.8 -0.4-1.4

Deposition potential (Ed I V)

Figure 5.7. Voltammogram of Cu(II), Zn(II), Cd(II) and Pb(II) under the 

experimentally optimized conditions
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5 .5  Simultaneous determination o f  speciation parameters in -Suwannee River 

Fulvic Acid (SRFA) model solutions o f  these four metals:

Three model solutions, each containing 5xlO'7M of all the above mentioned four 

metals and 5xlO'5M, 5xlO‘4M and 1x10'3M of SRFA to provide a range of 

metal/SRFA mole ratios were used. The pH of all these solutions was adjusted to 5.00 

± 0.05 by an acetic acid and sodium acetate buffer. The test solutions were kept in a 

dark place for 60 hours for equilibration, and were then used for simultaneous 

determination of speciation parameters. Pseudopolarograms are obtained by plotting 

normalized peak current (ip/i0) vs corresponding reduction potential, where, ip and i0 

are the current for the complex system and the reference current under conditions of 

no complexation, respectively.

5.5.1 Speciation parameters o f  Cu in model solutions:

Typical pseudopolarograms for four test solutions o f Cu(II) are presented in Figure

5.8. The top curve is that o f copper spiked into a sample of ultrapure water containing 

the three other metals, buffered with the acetic acid-sodium acetate buffer solution, 

with no SRFA present. A sharp, well-defined, polarographic wave with a flat plateau 

and T ~ 1 was observed for Cu(II) aqua complex in the metal mixture, indicating a 

fully reversible electrode process.

The lower three pseudopolarograms were obtained for Cu(II)-SRFAcomplexes of 

three metal mixtures containing the same concentration of the four metals with three 

different concentrations o f SRFA. The observed reduction in the limiting currents of 

the Cu(II)-SRFA complexes relative to that o f the Cu-aqua complex is probably a 

result o f a decrease in the mean diffusion coefficient o f Cu(II)-FA complexes.
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Limiting current decreased with decreasing C m (i i) /  C s r f a  ratio. Table 5.1 presents the 

results for Cu(II)-SRFA complexes in model solutions of SRFA. T value for Cu(II)- 

SRFA was found to be ~0.50 and independent of the SRFA concentration. logK* 

value for Cu-SRFA complexes decreased with increasing C c U(ii)/ C s r f a  mole ratio 

(Table 5.1). The log K* value for Cu(II)-SRFA complex with mole ratio o f 0.0005 

was found to be 7.41, and it decreased to 6.38 in the test solution containing Ccu(ii)/ 

C s r f a  mole ratio o f 0.01.
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Figure 5. 8. Effect of deposition potential on the release (ip/io) o f metal from the 

Cu(II)-SRFA complex with the Cu/SRFA mole ratio as a parameter. 

Each solution contained Cc« ,r=  C z n, T =  C o l t  -  C p b j  =  5.0 x 10'7 mol L' 

C s r f a  was varied from, 0.0 mol. L '1 (O), lx  10'3 mol. L '1 ( C m j / C s r f a -

0.0005) (0), 5x 10'4 mol. L '1 (C m ,t/C Srfa=  0.001) (A)and 5x 10'5 mol. V

1 ( C m , t / C s r f a -  0.01) (□), HOAc/NaOAc buffer, pH 5.0 ± 0.1, 

temperature = 23 ± 2 °C.
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Table 5.1. Effect o f decreasing mole ratios of C m , t / C s r f a  on the Differential 

Equilibrium Functions, mean diffusion coefficients and heterogeneity o f 

Cu(II)-SRFA complexes in model solutions o f SRFA. Each solution 

contained Cpbj = 5.0 x 10'7 mol L '1, C c u, t  = 5.0 x 10'7 mol L*1, Cznj -  

5.0 x 10'7 mol L '1, and Ccd,T = 5.0 x 10'7 mol L '1. C s r f a  was varied from 

lx  103 mol. L 1 ( C m , t / C s r f a =  0.0005), 5x 104 mol. L 1 ( C m , t / C s r f a ~  

0.001)and 5x 10‘5 mol. L '1 ( C m , t / C s r f a =  0.01), HOAc/NaOAc buffer, 

pH 5.0 ± 0.1, temperature = 23 ± 2 °C.

Chemical 
speciation 

parameters of 
Cu

Mole Ratio of [Cu] / [SRFA]

0.01 0.001 0.0005

r 0.54 ± 0.04 0.52 ± 0.06 0.49 ± 0.02

Log K* (L m of1) 6.38 ±0.14 6.93 ±0.12 7.41 ± 0..08

D m i / h i Y 1) (4.10 ± 0.14) xlO‘10 (4.50 ± 0.10) xlO '11 (7.50 ± 0.12) x l0 ‘12
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5 .5 .2  Speciation parameters o f  Zn in model solution:

Typical pseudopolarograms for four test solutions o f Zn(II) are presented in Figure

5.9. The top curve is that for a solution of Zn(II) spiked into a sample o f ultrapure 

water containing the other three metals, buffered with the acetic acid-sodium acetate 

buffer solution, with no SRFA present. A sharp, well-defined, polarographic wave 

with a flat plateau and T = 1 was observed for Zn metal in the metal mixture, 

indicating a fully reversible electrode process. The lower three pseudopolarograms 

were obtained for Zn in samples o f three metal mixtures containing the same 

concentrations o f the four metals with three different concentration o f SRFA. 

Equation 8 (along with 9) suggest that the observed reduction in the limiting currents 

of the Zn(II)-FA complexes relative to that o f the Zn-aqua complexe is probably due 

to decrease in the mean diffusion coefficient of Zn(II)-FA complexes. However, for 

the test solutions containing higher Czn(ii/ Csrfa mole ratios, the limiting current was 

found to be about the same. Limiting current decreased as the metal to SRFA ratio 

decreased. Figure 5.9 and Table 5.2 show the results for Zn(II)-SRFA complexes in 

model solutions o f the SRFA. For Zn(II)-SRFA, T values were found to be ~0.80 and 

independent o f SRFA concentrations. LogK* value for Zn(II)-SRFA complexes 

decreased with increasing Czn(ii)/ Csrfa mole ratio (Table 5.2).
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Figure 5.9. Effect o f deposition potential on the release (ip/io) o f metal from the 

Zn(II)-SRFA complex with the Zn/SRFA mole ratio as a parameter.. Each 

solution contained C c u, t =  C Zn, T =  C a i j  = C p b , r =  5.0 x 10'7 mol L '1. C s r f a  

was varied from, 0.0 mol. L"1 (O), lx  10‘3 mol. L '1 (Cm,t/C srfa= 0.0005)

(0), 5x 10’4 mol. L '1 (Cm,t/CSrfa=  0.001) (A)and 5x 10’5 mol. L '1

(Cm,t/C srfa= 0.01) (□), HOAc/NaOAc buffer, pH 5.0 ± 0.1, temperature 

= 23 ±  2 °C.
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Table 5.2. Effect o f decreasing mole ratios o f C m , t / C s r f a  on the Differential 

Equilibrium Functions, mean diffusion coefficients and heterogeneity of Zn(II)-SRFA 

complexes in model solutions o f SRFA. Each solution contained Cpbj = 5.0 x 10'7 

mol L '1, Ccu,t = 5.0 x 10*7 mol L '1, C z nj  = 5.0 x 10'7 mol L '1, and C cd ,T  = 5.0 x 10'7 

mol L '1. Csrfa was varied from lx  10'3 mol. L '1 ( C m , t / C s r f a =  0.0005), 5x 10'4 mol. L' 

1 ( C M)t / C Sr f a =  0.001)and 5x 10’5 mol. L '1 ( C M)t / C Sr f a =  0.01), HOAc/NaOAc buffer, 

pH 5.0 ± 0.1, temperature = 23 ± 2 °C.

Chemical
speciation

Mole Ratio of [Zn] / [SRFA]

parameters of 
Zn 0.01 0.001 0.0005

r 0.87 ± 0.02 0.88 ±0.10 0.85 ± 0.05

Log K*(L m ol'1) 5.56 + 0.14 5.58 ± 0.06 6.01 ±0.12

DmlOhV 1) (5.01 ±0.08) xlO 10 (4.07 ± 0.14)xl0 '10 (1.60 ± 0 .10)xl0 '10
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5 .5 .3  Speciation parameters o f  Cd in model solution:

Typical pseudopolarograms for four test solutions o f Cd(II) are presented in Figure

5.10. The top curve is that for a solution o f Cd(II) spiked into a sample o f ultrapure 

water containing the other three metals, buffered with the acetic acid-sodium acetate 

buffer solution, with no SRFA present. A sharp, well-defined, polarographic wave 

with a flat plateau and T = 1 was observed for Cd metal in the metal mixture, 

indicating a fully reversible electrode process. The other three pseudopolarograms 

obtained for Cd were identical to one another obtained from three metal mixtures 

containing the same concentrations o f four metals with three different concentration 

of SRFA. The T value obtained for Cd(II)-SRFA complexes were very close to 1 

indicating that SRFA behaved almost as a homogeneous complexant. A very small 

change observed in the limiting current was probably due to a very small change in 

the diffusion coefficient o f Cd(II)-SRFA complexes compared to Cd(II)-aqua 

complex. Figure 5.10, and Table 5.3 show the results for Cd(II)-FA complexes in 

model solutions o f SRFA. LogK* value for Cd-SRFA complexes decreased with 

increasing C c d ( i i /  C s r f a  mole ratio.
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Figure 5.10. Effect o f deposition potential on the release (ip/io) o f metal from the 

Cd(II)-SRFA complex with the Cd/SRFA mole ratio as a parameter. Each 

solution contained Cc«,r= C z n, T =  C c d ,T =  C p b j  -  5.0 x 10'7 mol L '1. Csrfa 

was varied from, 0.0 mol. L’1 (A), lx  10'3 mol. L '1 (Cm,t/C srfa= 0.0005) 

(□), 5x 10'4 mol. L'1 (Cm,t/CSrfa= 0.001) (O)and 5x 10'5 mol. L’1 

(Cm,t/C srfa= 0.01) (0), HOAc/NaOAc buffer, pH 5.0 ± 0.1, temperature = 

23 ±  2 °C.
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Table 5.3. Effect o f decreasing mole ratios o f C m , t / C s r f a  on the Differential 

Equilibrium Functions, mean diffusion coefficients and heterogeneity of 

Cd(II)-SRFA complexes in model solutions o f SRFA. Each solution 

contained Cpbj = 5.0 x  10'7 mol L '1, Ccu,t  = 5.0 x  10'7 mol L’1, Cznj  = 

5.0 x 10'7 mol L '1, and Ccd,T = 5.0 x 10'7 mol L '1. Csrfa was varied from 

lx  103 mol. L 1 ( C m , t / C s r f a =  0.0005), 5x 104 mol. L 1 (C m j/C s r f a =  

0.001)and 5x 10'5 mol. L '1 ( C m . t / C Sr f a =  0.01), HOAc/NaOAc buffer, 

pH 5.0 ± 0.1, temperature = 23 ± 2 °C.

Chemical 
speciation 

parameters of Cd

Mole Ratio of [Cd] / [SRFA]

0.01 0.001 0.0005

r 0.93 ± 0.08 0.94 ±0.05 0.95 ±0.10

Log K* (L mol'1) 5.26 ±0.14 5.41 ±0.04 5.47 ±0.08

DMl (m V 1) (6.86 ±0.10) x 10- 10 (5.77 ± 0.15) xlO'10 (5.14 ± 0.14) xlO '10
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5. 5 .4  Speciation parameters o f  Pb in model solutions:

Typical pseudopolarograms for four test solutions o f Pb(II) are presented in Figure

5.11. The top curve is that for a solution of lead spiked into a sample o f ultrapure 

water containing the other three metals, buffered with the acetic acid-sodium acetate 

buffer solution, with no SRFA present. A sharp, well-defined, polarographic wave 

with a flat plateau and T = 1 was observed for Pb metal in the metal mixture, 

indicating a fully reversible electrode process. The lower three pseudopolarograms 

were obtained for Pb from three metal mixtures containing the same concentrations of 

the four metals with three different concentrations o f SRFA. Equation 8 suggests that 

the observed reduction in the limiting currents o f the Pb(II)-SRFA complexes relative 

to that o f the Pb-aqua complexes was probably due to a decrease in the mean 

diffusion coefficient o f Pb(II)-SRFA complexes. Limiting current decresed as the 

metal to SRFA ratio decreased. Figure 5.11 and Table 5.4 show the results for Pb(II)- 

FA complexes in model solutions o f SRFA. For Pb(lI)-SRFA, T values were found to 

be~0.70 and independent o f the SRFA concentrations. logK* value for Pb-SRFA 

complexes decreased with increasing C p b(ii)/ C s r f a  mole ratio.
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Figure 5.11. Effect o f deposition potential on the release (ip/io) o f metal from the 

Pb(II)-SRFA complex with the Pb/SRFA mole ratio as a parameter. Each 

solution contained C c u , t ~  Czn,T= Ccd,T= Cpbj =  5.0 x 10'7 mol L '1. Csrfa 

was varied from, 0.0 mol. L '1 (0), lx  10'3 mol. L '1 (Cm,t/C srfa=  0.0005)

(0), 5x 10‘4 mol. L '1 (Cm>T/C srfa= 0.001) (A)and 5x 10'5 mol. L '1

(Cm,t/C srfa= 0.01) (□), HOAc/NaOAc buffer, pH 5.0 ± 0.1, temperature 

= 23 ±  2 °C.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



168

Table 5.4. Effect of decreasing mole ratios o f C m ,t / C s r f a  on the Differential 

Equilibrium Functions, mean diffusion coefficients and heterogeneity o f Pb(II)-SRFA

n

complexes in model solutions o f SRFA. Each solution contained Cpb.T = 5.0 x 10' 

mol L '1, CCu,T = 5.0 x 10'7 mol L '1, CZn,t = 5.0 x 10'7 mol L '1, and Ccd,T = 5.0 x 10'7 

mol L '1. Csrfa was varied from lx  10'3 mol. L '1 ( C m ,t / C s r f a =  0.0005), 5x 10'4 mol. L‘ 

1 ( C m >t / C Sr f a =  0.001)and 5x 10'5 mol. L '1 ( C m ,t / C Sr f a =  0.01), HOAc/NaOAc buffer, 

pH 5.0 ± 0.1, temperature = 23 ± 2 °C.

Chemical 
speciation 

parameters of Pb

Mole Ratio of [Pb] / [SRFA]

0.01 0.001 0.0005

r 0.72 ± 0.04 0.68 ± 0.04 0.70 ± 0.06

Log K* (L m ol'1) 6.07 + 0.70 6.47 + 0.18 6.52 ± 0.25

DMifrnV1) (5.74 ± 0.10)xl0’10 (3.86 ± 0.14)xl0"10 (2.62 ± 0.10)xl0 '1Q
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5 .6  Heterogeneity Parameter (I)

At all the metal to SRFA mole ratios (i.e. Cm/C srfa =  0.01, 0.001 and 0.0005) used in 

this work, the value o f T remained about the same for a given metal (e.g. Cu): the 

value o f T for Cu(II) was found to be -0 .5 0  in all solutions, suggesting that SRFA 

behaved as a heterogeneous complexant for Cu(II). The value o f T  for Pb(II) was 

found to be -0 .7 0  in the three model solutions, suggesting that compared to Cu(II), 

for Pb(II) SRFA behaved as a less heterogeneous complexant. T value obtained for 

Cd was found to be -0 .9 4 , suggesting that SRFA behaved almost as a homogeneous 

complexant for Cd, whereas, the T  value for Zn was found to be -0 .8 6 , i.e. lower than 

the value obtained for Cd, suggesting that SRFA was a little more heterogeneous for 

Zn than for Cd.

A comparison of heterogeneity parameters for Zn(II), Cd(II), Pb(II) and Cu(II) 

complexes in the model solutions o f SRFA (Tables 5.1-5.4) shows that Ted >Fzn >Tpb 

>rCu, Similar observation was also reported in the literature [46].

The results are in good agreement with those o f Town and Filella [43], who have 

reported that Pb(II) complexes with SRFA are less heterogeneous than Cu(II)-SRFA 

complexes, and also with those o f Pinehro et al [47], who reported that Pb(II) 

complexation by a peat-derived humic acid was more heterogeneous than the 

corresponding Cd(II) complexes. The above results suggest that the binding sites of 

SRFA for Cd(II) and Zn(II) are thermodynamically similar, whereas those for Pb(II) 

and Cu(II) are thermodynamically diverse.

Since the differential equilibrium function explicitly accounts for the degree o f site 

occupation by the metals,0, it is relatively independent o f the experimental
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conditions. However, in the determination o f the experimental parameters by ASV, T 

still may be influenced by the limitation o f the ASV technique. T values obtained for 

Cu(II), Pb(II), Cd(II) and Zn(II) by simultaneous determination in samples having 

various metal loadings are in good agreement with the theory; the very small 

deviations observed are probably due to uncertainties in the measurement.

The observed spreading o f the polarographic wave was probably due to change in the 

metal to ligand mole ratio in the diffusion layer and was specific for heterogeneous 

complexants (SRFA).

5 .7  Differential Equilibrium Function (log K*)

Tables 5 . 1 - 5 . 4  show increasing effects o f trace metal competition on logK* values 

with decreasing SRFA concentrations o f all the above metals. At a very low metal to 

SRFA mole ratio ( C m / C s r f a = 0 . 0 0 0 5 ) ,  relatively higher values o f logK* were 

observed for all the metals. However, logK* value decreased with increasing Cm to 

C s r f a  ratio, Since the stronger sites o f the heterogeneous ligand (SRFA) are occupied 

first by the metal, as the degree of occupation of all sites types, (0), increases, the 

averaging o f the apparent equilibrium constants o f the metal and the site-ligand, was 

carried out with an increasing number o f weaker sites; hence, log K* decreased. In 

the lowest mole ratio ( C m / C s r f a = 0 . 0 0 0 5 ) ,  the logK* for Cu was found to be 7 .4 1 ,  

followed by Pb (logK* = 6 . 5 2 ) ,  Zn (logK* = 6 . 0 1 )  and Cd (logK* = 5 .4 7 ) .  i.e. 

logKcu* > logKpb* > logKzn* > logKcd*. The same order was found for all three 

model solutions. This order of logK* suggests that at pH 5 .0  Cu(II) forms relatively 

thermodynamically stronger complexes with SRFA, followed by Pb. log K* value for
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Zn(II)-SRFA complexes was higher than the log K* values for Cd(II)-SRFA 

complexes. T  values also suggest that at pH=5.0 SRFA behaves as a more 

heterogeneous complexant for Zn than for Cd. This lower value o f log K* for Cd(II)- 

SRFA complexes can be rationalized by considering the Hard Soft Acid Base 

(HSAB) Theory. According to HSAB Theory, Cd2+ ion (which is larger than Zn2+ 

ion) is a soft acid, whereas Zn2+ is a border-line acid, i.e. Cd2+ ion is softer acid than 

Zn2+ ion. Hence, Cd2+ ion would prefer softer base; S- and N- containing groups in 

humic substances, forming a more stable complexes with Cd ion, i.e. with a higher 

logK* values. However, since the percentage of S- and N- containing groups are very 

small (minor sites) in humic substances, they cannot bind all the Cd; the remaining 

Cd bind with major sites, e.g. -COOH, -OH groups, giving a low value o f log K*. 

However, Zn, which is relatively harder acid interacts more strongly with harder 

bases such as -O H , -COOH groups, (major functional groups) and forms stable 

complexes with them. Our results show that Cd forms relatively weaker complexes 

probably because of the competition o f stronger competing metals like Cu for the 

binding sites o f SRFA.
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5 .8  Average Diffusion Coefficients (D  m i)

Diffusion coefficients reflect the mobility o f the metal species and hence, have 

important effect on the transport and bioavailability of the metals in the aquatic 

environment. As a rough approximation, the metal complexes o f individual molecules 

o f a given group o f naturally-occuring, organic macromolecular heterogeneous 

complexants (e.g. SRFA) are often assumed to have similar sizes, and hence, assigned 

a single diffusion coefficient. Table 5.5, presents average diffusion coefficients of 

SRFA complexes o f all the four metals, which were experimentally determined by

using Eq. 8. The average diffusion coefficients (D  ML) for all metal complexes were

found to be much lower than the diffusion coefficient of free metal ion ( D M) in 

aqueous media (Table 5.5).
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Table 5.5. Comparison o f diffusion coefficients of free metal ions with the four different metals-SRFA complexes in model solutions o f 

different mole ratios o f C m j / C s r f a ,  determined simultaneously. Each solution contained Cc « ,r  =  C z nj  = C c d j  =  C P b j  = 5.0 

x 10'7 mol L '1. C s r f a  was varied from lx  10'3 mol. L '1 ( C m , t / C s r f a =  0.0005), 5x 10'4 mol. L '1 ( C m , t / C s r f a =  0.001)and 5x 

10‘5 mol. L’1 ( C m , t / C s r f a =  0.01), HOAc/NaOAc buffer, pH 5.0 ± 0.1, temperature = 23 ± 2 °C.

^  M ( I I )  ^  M ( I I ) - S R F A  ^  M ( I I ) - S R F A  ^  M ( I I ) - S R F A

Elements CM(ii)= 5xlO‘7M Cm/Csrfa=0.01 Cm/C Srfa=0.001 Cm/C Srfa=0.0005  
____________ (mV1)____________ (m2s~x)______________(m2s-1)______________ (m2s-1)______

Cu(II) 7.33 x10 '10 (4.10 ± 0.14) xlO’10 (4.50 ± 0.10) xlO '11 (7.50 ± 0.12) xlO’12

Zn(II) 6.38 x10 '10 (5.01 ±0.08) xlO '10 (4.07 ± 0.14)xl0‘10 (1.60 ± 0.10)xl0 'l°

Cd(II) 6.90 x10 '10 (6.86 ± 0.10) xlO’10 (5.77 ± 0.15) xlO '10 (5.14 ± 0.14) xlO '10

Pb(II) 8.28 x10 '10 (5.74 ± 0 .10)xl0 '10 (3.86 ± 0 .14)xl0 '10 (2.62 ± 0 .10)xl0 '10
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The average diffusion coefficient ( D ML) of all four metal complexes decreased as the 

Cm to C s r f a  ratio decreased (Table 5.5). It significantly decreased for Cu. However, a 

very small change was observed for Cd(II)-SRFA complexes. As indicated above,

the average diffusion coefficient D ML> of M(II)-SRFA complexes is determined only 

by the properties o f the complexant (SRFA). Molar volumes, and hence, diffusion 

coefficients are influenced by a number o f factors, including polarity, conformation, 

molecular weight and other factors; for heterogeneous complexation, structure, shape, 

hydration and aggregation should be also considered. Generally, for a dilute aqueous 

solution at a given temperature, diffusion coefficient of an organic molecule is

proportional to its hydrated molar volume. The ^  m l  at lower Cm to C s r f a  ratio was 

significantly smaller than its value at higher ratios. This meant that for the same 

amount o f metal, an increase in C s r f a  by one order o f magnitude produced a 

significant decrease in the mobility of M-SRFA molecule. Change in the SRFA 

concentration may cause aggregation and conformational changes and can reduce 

D m l .

It is known that conformational rearrangements o f the macromolecule may take place 

on complexation and that folding and coiling processes are time-dependent. 

Depending on the amount o f attack on metal ions and of their nature, there is more or 

less prefloculation folding; this will affect the diffusion of the macromolecule and 

their metal complexes.

However, with increasing amounts o f SRFA, the diffusion coefficient o f the Cu- 

species decreases most, that o f Cd changes least, and the other are similar in change. 

On the basis o f diffusivity, a decrease in diffusion coefficient with increasing
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SRFA concentrations may suggest that there is an aggregation process between 

metal-free and metal-coordinated organic molecule.

It has been argued that strong binding sites may be strong in a kinetic sense, meaning 

that folding processes have moved them into the interior o f the macromolecules. In 

view o f the results given here, one may conjecture that attack on these specific 

binding sites causes conformational folding, thereby changing the outer appearance of 

the molecule, and hence, its mobility.

These experimental results show that ASV, which is a powerful and cost-effective 

technique, can be used satisfactorily for simultaneous determination of trace metal 

speciation in natural waters. The major advantage is the possibility o f simultaneous 

determination o f several metals in a sample in a single experiment, and hence, in a 

shorter time than taken by multiple experiments.
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Complexation of Lead in Model Solutions of Suwannee 

River Fulvic Acid (SRFA): Heterogeneity of SRFA and 

Effects of Competition by Copper, Zinc and Cadmium

on Target Metal Lead
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6.1 Introduction

It is well known that the chemical speciation of a metal (and not its total 

concentration) is a good indicator o f toxicity, bioavailability, or reactivity [1, 2] of the 

metal in natural waters. The complexation of metal ions by naturally occurring humic 

substances attracts considerable attention because o f its importance in regulating 

metal toxicity, bioavailability, and transport in natural waters. Humic substances 

present in natural waters are polyfunctional, heterogeneous, supramolecular 

association o f small and large organic molecules. These heterogeneous substances 

contain both ‘hard’ (e.g., carboxylic, phenolic) and ‘soft’ (e.g., nitrogen and sulphur 

containing) complexing sites [3] for a wide range of metal ions and can be expected 

to buffer metal ion concentrations over a wide ranges of concentration. The same 

heterogeneous complexant like humic substance may have different heterogeneity to 

for different metal ion. Metal complexation in natural waters is strongly influenced by 

the heterogeneity o f the humic substances. This paper investigated the complexation 

o f Pb(II) with humic substances (SRFA). Pb(II) is one of the most extensively 

investigated heavy metals. Indeed Pb, which has no physiological function and is 

potentially toxic, has been widely dispersed in the environment since the beginning of 

metallurgy [4]. One major dispersion pathway for Pb is atmospheric transport because 

Pb-bearing aerosols are emitted from industrial activities, combustion of coal and 

leaded gasoline [5, 6], Its presence in aquatic systems results mostly from 

anthropogenic activities [7].
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It is thus a great interest to know and understand the complexation reaction of lead 

with heterogeneous humic substances present in freshwaters. The significance of 

humic substances for complexation of Pb in freshwater has been reported in several 

studies. It has also been reported that Pb is strongly adsorbed by humic substances in 

sediments and in soil [8-10]. However, relatively few studies have considered the 

consequences o f ligand heterogeneity for Pb ion complexation by NOM. In natural 

waters, several studies have shown the importance o f complexes with NOM in 

determining the speciation of Pb(II) [11,12].

However, it is extremely difficult to determine sound physiochemical properties to 

describe metal complexation by heterogeneous humic substances. One o f the few 

approaches used to describe the stability o f metal complexes formed by humic 

substances that takes the metal loading dependence into account is the differential 

equilibrium function (DEF). It is based on the differential intensity parameter, K*, 

which is a weighted average mean o f the equilibrium constants K,-, for all sites present 

in the humic substance [13-15]. The weighting factor depends on the mole fraction of 

[metal]/[HS], and degree of occupation of each site, i. The DEF is not equivalent to a 

molecular complexation model that describes complexation at each individual site. It 

is, however, most useful in making predictions o f the complexation behaviour o f the 

system as a whole. DEF was used to study the Pb complexation in this paper. This 

approach allows us to calculate the heterogeneity parameter (T) o f humic substances. 

Heterogeneity parameter, T, is very important parameter which is directly related to 

the buffer intensity o f the complexing system, which might influence the capacity of 

natural waters to sustain life after metal pollution events [13]. The same complexing
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substance might have different heterogeneity for different metal ions [16-18] because 

o f the following factors: 1) different complexing sites might be available to different 

metal ions, and 2) the stabilities o f the strongest and weakest sites titrated with the 

same metal might vary from metal to metal. In addition, heterogeneity might be pH- 

dependent, because o f different ranges o f binding sites being available at different 

pH ’s [19].

It was reported several times that humic substances behaves heterogeneously with 

Cu(II) and T values for Cu was found to vary in between 0.3-0.5, depending on the 

humic substances. The lower value o f T suggested that a wider distribution range of 

binding sites were available for Cu in humic substances.

Heterogeneity parameter (T) for Pb(II) binding with humic substances from various 

sources was found to be -0.60 by Filella et al [20]. Filella and R M Town [21] also 

reported that T value was -0.70 for Pb(II) binding with SRFA. However, in 

freshwater source, T value for Pb(II) binding with NOM was reported to be lower 

than the T value obtained from model solutions [22].

Binding of Pb(II) to different HA was reported [23] to be stronger than for Cd(II), 

with a greater heterogeneity of binding sites, so that the buffering action o f different 

HA on the concentration of free Pb(II) is more effective than for Cd(II). T value of 

Pb(II) was reported to be -0 .7  and for Cd it was -0.9.

It was reported by J H Ephraim [24] that Zn zinc ion was appreciably bound to the 

sites where an OH is adjacent to another OH group and that site where an OH is 

adjacent to a C =0 groups and T value for Zn(II) was reported to be -0.9. The high 

value o f T suggested that the humic substance had a narrow distribution o f binding
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sites for Zn. RM Town and H P vanLeeuwen reported [25] that the extent of 

heterogeneity o f metal binding by several humic substances followed the order Cu(ll) 

»  Pb(n) > Cd(n).

It is well known that heterogeneous humic substances have widely differing affinity 

for binding various metal ions (which is responsible for different heterogeneity for 

different metals). This property allows competition between metal ions for strong 

binding sites on the above organic complexants (humic substances) in freshwaters, 

resulting in some metal ions binding to the weak binding sites, forming weak 

complexes which are labile, and hence, release free metal ions which are reported to 

be toxic.

The extents o f competitions for binding depend on the relative concentrations of the 

metals (and ligands) and on their conditional stability constants under the given 

conditions. The T is also relevant since it determines an effective range o f sites at 

which binding occurs.

Xue et al. [26] investigated the competition o f copper and zinc for highly selective, 

strong ligands in a eutrophic lake using cathodic and anodic stripping voltammetry 

and concluded that the release o f zinc from electrochemically inert complexes upon 

addition o f copper indicates that copper and zinc compete for the above strong 

organic complexants.

It was reported by Bizri et al. [27] that stability of the complexes followed the order 

Cu >Pb > Cd. An increase in stability constant was observed with increase in pH and 

also with decrease in total metal ion concentration (at constant pH). This order of 

stability constants suggested that Cu outcompeted Pb(II) and Pb(II) outcompeted Zn
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for the binding sites o f humic substances in freshwater. It was reported in our recent 

study [28] that a comparison of the heterogeneity parameters (r) for Zn(II),Cd(II), 

Pb(II) and Cu(II) complexes in the model solutions o f SRFA showed that Ted > rzn 

>rPb >rCu, suggesting that SRFA behaved as a relatively more homogeneous 

complexant for Zn(II) and Cd(II), whereas it behaved as a relatively more 

heterogeneous complexant for Pb(II).

It was also found [28] that the order o f stability o f M-SRFA complex is typically 

KCu*> KPb*> Kz„*> KCd*

The objective o f this paper is to check the hypothesis that the heterogeneity o f humic 

substances determines the M(II)-DOC interactions and trace metal competition in 

freshwater.

To test the above hypothesis, heterogeneity o f SRFA and its effect on Pb(II) 

complexation was studied. This study also investigated the effects o f competition of 

the trace metals Cu(II), Cd(II), and Zn(II) on the Pb(II)-SRFA complexation in 

model solutions. In this study, psudopolarography was employed to study the 

complexation reaction o f Pb(II) with SRFA, using hanging mercury drop electrode 

(HMDE).
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6.2 Experimental

6.2.1 Materials and Methodology 

Suwannee River Fulvic Acid (SRFA)

Suwannee River Fulvic Acid (SRFA, (Catalogue. No. 1S101F) was obtained from 

International Humic Substances Society (IHSS, USA) [29]. The concentration of 

carboxylic and phenolic groups in SRFA has been reported to be 11.44 and 2.91 

mmol g '1, respectively [29]. The molar concentration of SRFA considered in this 

work is related to the concentration o f carboxylic groups (at pH=5.0).

6.2.2 Model Solutions o f  Suwannee River Fulvic Acid

Three model solutions (to be henceforth called ‘test solutions’) were prepared in 

ultrapure water containing various concentrations o f SRFA (lx  10'3 mol. L '1, 5x 10'4 

mol. L '1 and 5x 10'5 mol. L '1) and 5x 10'7 mol. L '1 concentrations o f Pb(II). The pH of 

the test solutions was adjusted to 5.0 + 0.1 using HAc/NaAc buffer. The test solutions 

were left for equilibration for 60 hours in a dark place before analysis. Metal 

competition in model solutions was investigated by adding the SRFA to an aqueous 

solution containing a fixed concentration o f the Pb(II) (5xl0~7 mol L_1) and 

equimolar concentrations of one o f the competing Cu(II), Cd(II) and Zn(II) trace 

metals. A 15.00 mL aliquot o f the model solution was weighed and used as the test 

solution. The pH of the model solution was checked again immediately before 

analysis and found to be the same.

6.2.3 Reagents

Standard solutions (1000 mg L '1) of Cu(II), Zn(II), Cd(II) and Pb(II) were purchased 

from SCP Science, Montreal, Canada. Ultrapure water o f resistivity 18.2 MQ-cm was
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obtained from a Milli-Q-Plus water purification system (Millipore Corporation). A 2 

mol L '1 stock solution of sodium acetate was prepared by dissolving an appropriate 

quantity o f sodium acetate trihydrate (ACS grade/BDH) in ultrapure water. A stock 

solution o f 2 mol L '1 potassium nitrate (supporting electrolyte) was prepared by 

dissolving potassium nitrate (Analar, BDH) in ultrapure water. The sodium acetate 

solution was then purified o f metals by electrolysis at -1.5 V vs. Ag/AgCl electrode 

for a minimum of 48 h. immediately prior to its use. While the electrolysis was 

continued the sodium acetate aqueous solution was drained from the electrolysis cell 

in order to make sure that the impurity metals removed by electrolysis did not go 

back into the sodium acetate aqueous solution on the termination o f electrolysis. A 2 

mol L '1 stock solution o f acetic acid was prepared by diluting glacial acetic acid (ACS 

grade/Anachemia) with ultrapure water.

6.2.4 Apparatus

Voltammetric measurements were made with a computer-controlled Autolab 

PGSTAT30 potentiostat/galvanostat (Eco Chemie BV, The Netherlands), equipped 

with a Metrohm 663 VA stand (Metrohm, Switzerland). The working electrode was a 

static mercury drop electrode (Metrohm, Switzerland). The reference electrode was a 

Ag/AgCl electrode in a glass tube filled with 3 mol L '1 KC1 and fitted with a porous 

Vycor tip (Bioanalytical Systems, Inc., USA). The counter electrode was made of a 

platinum rod (Metrohm, Switzerland). Analysis o f voltammetric peaks was done 

using the General Purpose Electrochemical Software v4.8 (Eco Chemie BV, The 

Netherlands). The data were transferred to a Pentium computer and saved for 

processing.
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6.3 Results and discussion

Most research on metal complexation by heterogeneous complexants (e.g. SRFA) 

used pulse stripping techniques because of their high sensitivity o f the method [30]. 

However, differential pulse anodic stripping voltammetry suffers from induced metal 

adsorption in the presence o f HS.[30] Town and Filella[30] reported that in the 

presence of Suwannee River FA, peak height decreases to a much greater extent 

compared to peak area because of heterogeneity o f SRFA and/or insufficient ligand 

are heterogeneous. Peak height and peak area were recorded in this work (data are not 

presented). The ratio o f peak area-to-height for Pb(II)-SRFA was relatively constant 

across the range of the deposition potentials used in our experiments as was reported 

in our recent publication [28]. However, in this work, peak heights were used in all 

calculations because they were more sensitive and more reproducible than the peak 

area.

6.3.1 Effect of varying concentrations of SRFA on Pb(II) complexation

The Differential Equilibrium Functions of Pb(II) were used for the interpretation of 

Pb complexation with SRFA in model solutions. This approach considers the binding 

intensity (log K*) as a function o f metal ion loading 0 (0 = bound metal/binding site 

concentration). Typical pseudo-polarograms for the three test solutions o f Pb(II) are 

presented in Fig. 6.1. The top curve is for a solution of Pb2+ buffered with 

HOAc/NaOAc, and is the pseudopolarogram for the Pb(II)-aqua complex. It is a well 

defined curve with a plateau, indicating a fully reversible electrode process.
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Figure 6.1. Typical pseudo-polarograms for Pb(II)-FA complexes in model 

solutions o f Fulvic acid, cpb = 5.0 x 10'7 mol L '1; (O), Pb(II) + nil FA; (□ ), 

Pb(II) +CFA (5 x 10'5 mol L '1), (A), Pb(II) +CFA (5 x 10'4 mol L '1), 

(0),Pb(II) +CFA (1 x 10'3 mol L '1),; HOAc/NaOAc buffer, pH 5.0 ± 1.0, 

ionic strength = 0.01 mol L '1, temperature = 23 ± 2 °C.
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The lower curves were for the same concentration o f Pb(II), which had been 

equilibrated for 72 h in three model solutions of SRFA, containing different 

concentrations of SRFA. A decrease in the limiting current o f the Pb(II)-SRFA 

complexes was observed relative to that for the Pb(II)-aqua complex.

These experimental observations can be rationalized as follows. The pseudo- 

polarograms of the Pb(II)-SRFA systems present limiting current that are generated 

by reduction o f Pb2+ ions (assuming at reduction potential Pb(II)-SRFA is not directly 

reduced at the electrode). The observed decrease in the limiting current o f the Pb(II)- 

SRFA system relative to that o f the Pb(II)-aqua complex was probably due to the 

change in the diffusion coefficient of Pb(II)-SRFA complexes. The average diffusion 

coefficient ( D m l )  for Pb(II)-SRFA complexes was found to be much lower than the 

diffusion coefficient o f free Pb2+ ion ( D m )  in aqueous medium. The average diffusion 

coefficient ( D m l )  of all Pb(II)-SRFA complexes decreased as the Pb-to-SRFA mole 

ratio decreased (Table 6.1) and this decreased diffusion coefficient o f Pb(II)-SRFA 

complexes was responsible for the lowering o f limiting currents.

The polarographic waves are asymmetrical, and hence, shifts in the half-wave 

potential cannot be directly related to differences in stability constants as in the case 

o f simple (homogenous) labile complexes. For heterogeneous complexants (e.g. 

SRFA), the site occupation by the metals at the electrode surface depends on the 

applied potential. Thus, the spreading of the polarographic wave is caused by a 

change in the metal/ligand mole ratio in the diffusion layer, and is specific for 

heterogeneous complexants.
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The breadth and flatness of the polarographic wave increased in the presence of 

heterogeneous complexants because stronger sites became free, and therefore, active 

in controlling the free metal ion concentration as the total metal concentration was 

depleted at the electrode surface. As a result, the metal complexes available at the 

electrode surface were thermodynamically more stable than those in the bulk solution. 

With increasing depletion o f the metal at the electrode surface, this effect became 

progressively more pronounced, resulting in more flattening and elongation of the 

polarographic wave along the ordinate axis.

Complexation parameters calculated from the experimental pseudopolarographic 

waves obatained from the model solutions (containing different Cpb/CsRFA mole 

ratios) systems are summarized in Table 6.1.

Table 6.1 shows that the change in the mole ratio o f cpbj/csRFA did not appreciably 

affect the average heterogeneity o f the system; T remain almost unchanged. It is well 

known that in the presence of a sufficient excess o f complexing ligand, the T values 

are independent o f the metal: ligand mole ratio. It must be noted that T is a constant 

parameter that defines the Freundlich isotherm, and it should be independent of 

factors such as the metal-to-ligand ratio. However, different experimental conditions 

may look at different parts of the same distribution which may be more or less 

sensitive to T.

As expected, the stability o f Pb(II) complexation by SRFA (K*) depends on the metal

loading, with stronger binding sites utilized at lower loadings. K* increases with the

increase o f SRFA concentration (Table 6.1). There is a large decrease in i/inm because

2+
stronger sites form stronger Pb(II)-SRFA complexes. Thus, much fewer free Pb
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• 2+  *ions were regenerated, resulting in a greatly decreased concentration o f free Pb ions 

at the electrode surface. As D is the weighted average diffusion coefficient, a 

decrease in its value down the last column o f Table 6.1 reflects the same trend as seen 

in Hijjm.
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Table 6.1. Effect o f increasing concentration o f SRFA on the Differential 

Equilibrium Functions, mean diffusion coefficients and lability {Hi\\m) 

o f Pb(II)-FA complexes in model solutions o f Suwanee River Fulvic 

Acid, cpb = 5.0 x 10'7 mol L '1. HOAc/NaOAc buffer, pH 5.0 ± 1.0, ionic 

strength = 0.01 mol L '1, temperature = 23 ± 2 °C.

Cfa r log K  [L m ol'1] ///lim Dml I™2 s_1]

0 0.99 — 1 8.28 x 10'10

5.0 x 10'5 0.69 6.16 0.93 7.13 x 10'10

5.0 x 10'4 0.70 6.72 0.69 3.94x 10'10

1.0 x 10'3 0.64 6.93 0.54 2.41 x 10'10
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The average diffusion coefficient D m l , of Pb(II)-SRFA complexes is determined only 

by the properties of the complexant. Molar volume and hence diffusion coefficients 

are influenced by a number of factors, including polarity, conformation, molecular 

weight; for heterogeneous complexation, structure, shape, hydration and aggregation 

should be also considered. Generally, for a dilute aqueous solution at a given 

temperature, diffusion coefficient of an organic molecule is proportional to its 

hydrated molar volume. The Dml at lower [M]/[SRFA] ratio was significantly smaller 

than its value in higher ratio. This meant that for the same amount o f Pb(II), an 

increase in [SRFA] by one order o f magnitude produced a significant decrease in the 

mobility o f Pb(II)-SRFA molecule.

The lower concentration o f free Pb2+ ions results in a smaller ium value and a decrease 

in the weighted average diffusion coefficient.

A plot o f the log 6 versus logK* (differential equilibrium parameter) gave a straight 

line as shown in Fig. 6.2. The correlation coefficient for Pb(II)-SRFA system is R 

=0.99. Since the strongest sites o f the heterogeneous ligands are occupied first when 

they bind the metal, as the degree o f occupation o f all site types increases, the 

averaging of the apparent equilibrium between M and the complexing sites on L is 

carried out with an increasing number o f weaker sites; hence, K*decreases.
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Figure 6.2. Differential equilibrium function o f Pb(II)-SRFA complexes in model 

solutions of SRFA. cPb,T =5.0xl0~7 mol L_1. HOAc/NaOAc buffer, pH 

5.0±0.1, ionic strength=0.01 mol L~\ temperature=23±2°C. Correlation 

coefficient for Pb(II)-SRFA system R2 =0.99.
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6.3.2 Effect of Cu(II), Cd(II), and Zn(II) on Pb(II)-SRFA Complexation

The DEFs of the Pb(II)-SRFA complexes (Cpbj = 5.0><10'7 mol L '1 and 

C s r f a =  1-0x1 O'3 mol L '1) were investigated at constant pH and fixed ionic strength in 

the presence of Cu(II), Cd(II), or Zn(II). Each metal was taken individually, one at a 

time. Figure 6.3 shows the pseudo-polarographic waves for the effect o f the above 

mentioned metals on the Pb(II)-SRFA complexes at pH 5.0 (fixed with 

HOAc/NaOAc buffer), and at ionic strength 0.01 mol L”1. One concentration of the 

competing trace metals was used which was the same as o f Pb (1.0x10-7 mol L-1). At 

the fixed mole ratio o f c ^j/csr fa  =0.0005, trace metal Cu(II) resulted in higher z'|jm 

values and shifted the half-wave potential towards a more positive direction, 

indicating an increase in the mean diffusion coefficient of Pb(II)-SRFA complexes, 

and a decrease in the stability o f the Pb(II)-SRFA complexes (lower K*). This result 

suggests that trace metal Cu(II) competes with Pb(II) for SRFA binding sites.

The logK* values o f the Pb(II)-SRFA complexes decreased from 6.9 to 6.3 (Table

 n
6.2) in the presence of increasing concentrations o f Cu(II) from 0 to 1.0x10 mol 

L-1. The results can be rationalized by hypothesizing progressive displacement of 

Pb(II) by Cu(II) from the binding sites o f SRFA, resulting in the formation o f more 

free Pb2+ ions, which enhanced the limiting currents, /um and mean diffusion 

coefficient of Pb(II)-SRFA complexes (Table 6.2). If  this hypothesis is true, then 

Cu(II) and Pb(II) compete for the same binding sites on the SRFA.
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Figure 6. 3. Competition effect of trace metals on the pseudo-polarographic waves of 

Pb(II)-SRFA complexes in model solutions of SRFA, using DPASV at 

a SMDE. cpb.T =5.0x10-7 mol L“\  cHA =1.0xl0~3 mol L-1. 

HOAc/NaOAc buffer, pH 5.0±0.1, ionic strength=0.01 mol L - l ,  

temperature=25±2°C. Concentration o f Pb(II) is the same for all curves. 

(O) Pb(II)+nil SRFA, (□ ) Pb(II)-SRFA, (A) Pb(II)-SRFA+Cu(II) 

(5.0xl0~7 mol L-1), (V ) Pb(II)-SRFA+Zn(II) (5.0x1 O'7 mol L-1), 

(0)Pb(II)-SRFA+Cd(II) (5.0x10-7 mol L '1)
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Table 6.2. Differential equilibrium functions, mean diffusion coefficients, and 

normalized peak current (i/inm) o f Pb(II)-SRFA complexes in model 

solutions o f SRFA in the presence o f various competing metals Cu(II),

—7Zn(II), and Cd(II) The properties o f the solutions were cpbj =5.Ox 10 mol 

L-1,csrfa =1.0x10”7 mol L“‘, CM(n)= 5.0xl(T7 mol L”1, HOAc/NaOAc 

buffer, pH 5.0±1.0, ionic strength=0.01 mol L - l ,  temperature=23±2°C

Competing 
metal, M(II) r

logK* 
(L m ol1) i/ilim D ml

(mV1)
None 0.68 6.9 0.49 1.95x1 O'10

Cu(II) 0.69 6.3 0.56 2.60x1 O'10

Zn(II) 0.66 6.4 0.48 1.90x10'10

Cd(II) 0.69
6.5

0.49 1.97x10‘10
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This effect was not observed when similar concentrations o f Zn(II) or Cd(II) were 

added to a fixed concentration of Pb(II) (l.OxlCT7 mol L '1) as shown in Table 6.2. At 

a fixed mole ratio o f cPbj/csRFA =0.0005, addition o f equimolar concentration of 

Cd(II) or Zn(II) did not change inm, contrary to what has been observed for Cu(II) 

(Table 6. 2).

The results suggest that Cd(II) and Zn(II) did not compete with Pb(II) for the strong 

SRFA binding sites under the experimental conditions used in this study. However, 

the logK* values o f the Pb(II)-SRFA complexes decreased from 6.9 to 6.5 and to 6.4 

(Table 6.2) in the presence o f increasing concentrations o f Cd(II) and Zn(II), 

respectively, from 0 to l.OxlO-7 mol L”1. These contradictory results are probably 

due to progressive displacement of Pb(II) either by Cd(II) or Zn(II) from the weaker 

binding sites o f SRFA, resulting in the formation o f free Pb2+ ions. However, weak

 ̂I ^
Pb(II)-SRFA complexes dissociate and generate Pb ions on the electrode surface 

and contribute to the total current measured at different electrode potentials during the 

experiment. As a result, the limiting currents, /um remain unchanged even in the 

presence of Cd(II) and Zn(II). The unaffected mean diffusion coefficient o f Pb(II)- 

SRFA in presence of Cd(II) and Zn(II) also support the above explanation.

K *  =  — ri---------------------  [1]

/ = 1

As can be predicted from the Equation 1, the displacement o f Pb2+ from the weaker 

site o f SRFA, either by Cd(II) or Zn(II) would decrease the total concentration of 

Pb(II)-SRFA weaker complexes. Hence, the average equilibrium function (logK*), 

and so the DEF would decrease.
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Table 2 shows that the increasing order o f effects o f trace metal competition on the 

K* values, of the Pb(II)-SRFA complexes are: Cu(II)>Zn(II)>Cd(II).

The average T values of Pb(II)-SRFA complexes in the presence of competing metals 

was ~0.7, which is typical of heterogeneous systems. This result suggests that average 

heterogeneity o f Pb(II)-SRFA complexes was constant in the presence o f competing 

metals. Similar observation was reported by R. M Town and H. P. van Leeuwen for 

Cu. They measured a significant displacement of Cu by Pb from Cu(II)-HS 

complexes but no change in the T value for Cu [38].

These results are expected for humic substances. Since the ligand (SRFA) is 

heterogeneous, the competing metal affects a range of sites (to different extents 

depending on it T), but does not specifically’ block’ a group o f sites - so the 

conditional binding by metal appears slightly weaker, but its T is not measurably 

affected.

These experimental findings on heterogeneity o f SRFA and effects o f trace metals 

competitions on Pb(II)-SRFA complexation can be further supported by the data 

presented in Chapter 5. Data prresnted in previous chapter showed [28] that at 

different metals to SRFA mole ratios (i.e. C m / C s r f a  = 0.01, 0.001 and 0.0005), the 

value o f T remained about the same for a given metal: the value o f T for Cu(II) was 

found to be -0 .50 in all solutions, suggesting that SRFA behaved as a heterogeneous 

complexant for Cu(II). The value of T for Pb(II) was found to be -0 .70 in the three 

model solutions, suggesting that compared to Cu(II), for Pb(II) SRFA behaved as a 

less heterogeneous complexant. F value obtained for Cd(II) was found to be -0.94, 

suggesting that SRFA behaved almost as a homogeneous complexant for Cd(II);
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whereas, the Y value for Zn was found to be -0.86, i.e. lower than the value obtained 

for Cd(II), suggesting that SRFA was slightly more heterogeneous for Zn(II) than for 

Cd(II).

A comparison o f the heterogeneity parameters for Zn(II),Cd(II), Pb(II) and Cu(II) 

complexes in the model solutions o f SRFA showed that Tea > rzn >rpb > rc u, 

suggesting that SRFA behaved as a relatively more homogeneous complexant for 

Zn(II) and Cd(II), whereas it behaved as a relatively more heterogeneous complexant 

for Pb(II). A similar experimental finding was reported [38] by R M Town and H P 

vanLeeuwen. The extent o f heterogeneity of metal binding by several humic 

substances followed the order Cu(ii) »  Pb(ll) > Cd(n). Experimental findings of 

Giberto et al [23] also support the above order o f heterogeneity o f SRFA for Pb(II) 

and Cd(II). Gilberto et al reported that the binding o f Pb(II) to different HA was 

found to be stronger than for Cd(II), with a greater heterogeneity o f binding sites so 

that the buffering action of different HA on the concentration o f free Pb(II) is more 

effective than for Cd(II). T value o f  Pb(II) was reported to be ~0.7 and for Cd it was 

~0.9.Ephraim et al.[24] reported that T value for Zn(II) was found to be -0.9. The 

high value o f T suggested that the humic substance had a narrow distribution of 

binding sites for Zn.

It was also reported [28] that the order of stability of M-SRFA complex is typically 

K cu*>K pb*>K zn*>K cd*

Similar experimental finding was reported by Bizri et al. [27]. It was reported that the 

stability o f the humate complexes followed the order Cu >Pb > Cd. An increase in
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stability constant was observed with increase in pH and also with decrease in total 

metal ion concentration (at constant pH).

It is well known that the extent o f competition o f different metals for binding with 

humic substances depends on the relative concentrations o f the metals (and ligands) 

and on their conditional stability constants of M(II)-Humate complex under the given 

conditions. In addition to these factors, T (heterogeneity parameter) also has relevant 

significance in metal competition, since it determines an effective range o f sites of 

humic substances at which binding occurs.

Considering the above points and literature data, it can be assumed that Cd(II) and 

Zn(II) should compete poorly with Pb(II) for the same binding sites in SRFA, 

whereas, Cu(II) should compete with Pb(II) and displace Pb(II) from Pb(II)-SRFA 

complexes because o f low Tcu (SRFA heterogeneous) value and relatively high 

logKcu* value (i.e. Cu(II) forms relatively strong complexes with SRFA than Pb(II)). 

The competition by trace metals (Cu(II), Zn(II) and Cd(II)) with Pb(II) in model 

solutions o f SRFA showed similar findings, which showed that Cu(II) competed with 

Pb(II) for the strong binding sites o f SRFA when present at the same concentrations 

as that o f Pb(II). Cd(II) and Zn(II) ( having relatively higher T values and relatively 

smaller logK* values than Pb(II)-SRFA complexes) did not compete with Pb(II) for 

the strong binding sites o f SRFA. However, they competed for the weaker binding 

sites o f SRFA, resulting in a decrease o f logK* value of Pb(II)-SRFA complex, with a 

very little change in its limiting current. However, it is noteworthy to mention that 

Differential Pulse-Anodic Stripping Voltammetry wave sometime suffers from 

limitation on baseline shift. In this study, a higher baseline at the more positive
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potentials was observed in the presence of the competing metals under the 

experimental condition.

In summary, it can be concluded that the apparent stability and lability o f Pb(II)-HS 

complexes depend on the Pb(II) loading and the competition o f trace metal ions with 

the target metal for complexation with a heterogeneous complexant, e.g. SRFA. The 

relative stability (log K*) o f M(II)-HS complexes and the heterogeneity (T) o f the 

humic substance plays a crucial role in Pb(II)-DOC interactions in natural waters.

This study has shown that trace metal Cu(II) compete with trace Pb(II) for binding 

by SRFA in model solutions even when the competing trace metals are in the same 

concentrations as Pb(II). The environmental significance o f this research for fresh 

water is that even at relatively low Pb(II) loadings, the metals associated with lead in 

minerals, e.g. copper, may successfully compete with Pb(II) for the same binding 

sites o f the naturally occurring organic complexants (HS), with the result that some of

 ̂I
the Pb(II) may exist as free Pb ions, which has been reported to be one o f the toxic 

forms o f Pb in the aquatic environment [31].
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7.1 Overall Conclusion

Complexation o f trace metals by humic substances is an important subject because it 

determines to a large extent their bioavailability, toxicity and mobility. In a 

complexing medium the supply o f metal species towards an interface is determined 

by the combined flux of diffusion of M and ML to the consuming interface. For the 

metals that form amalgams with mercury (e.g. Zn, Cd, Pb and Cu), voltammetry with 

a mercury electrode is a particularly useful technique for investigating metal 

bioavailability because the flux o f reactive species towards an electrode surface are 

inherently similar to the reactions at a biological interface. The Competing Ligand 

Exchange Methods shows that the results obtained by Graphite Furnace Atomic 

Absorption Spectrometry (GFAAS) using Chelex 100 as the competing ligand are not 

able to measure sufficiently rapid kinetics to make their results directly relevant to 

bioavailability in the same way as voltammetry. The measurement timescale 

effectively define the measurement window, and hence, define the measurable 

chemical species.

The distribution o f dissociation rate coefficients of M-DOC complexes determined by 

kinetic speciation provides qualitative information on chemical heterogeneity of 

humic substances. The heterogeneity o f metal-NOM complexes extends to the 

distribution o f kinetic dissociation rate constants. However, the inherent 

physicochemical complexity of humic substances makes it extremely difficult to 

determine sound physicochemical properties to describe metal complexation by 

humic substances. An important fact to be taken into account, and often neglected, is 

that the complexation o f metals (i.e. complex stability and lability) o f heterogeneous
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ligands (humic substances) is critically dependent on the metal loading, i.e. the 

[metal]/[HS] mole ratio, which becomes extremely important in pristine waters, 

where the extremely low [metal]/[HS] mole ratio produces very stable metal-HS 

complexes which are non-labile, and hence, do not produce free metal ions, that are 

widely reported to be bioavailable and toxic.

The heterogeneity of metal-NOM complexes which extends to the distribution of 

kinetic dissociation rate constants is reflected experimentally in their apparent lability 

under given conditions. The more stable complexes (those formed at low metal 

loadings) are expected to be the less labile. This, together with the time scale o f the 

analytical technique employed, must be considered in the interpretation o f metal ion 

binding data.

The Differential Kinetic and Differential Equilibrium Functions presented in this 

thesis assume that there is no upper or lower limit o f log kj or log K for the binding 

sites o f a complexant. However, real complexants (even extremely heterogeneous 

ones) are limited by a maximum log K and log kd value [1].

The cooperative action o f the binding sites o f naturally-occurring complexants means 

that there is always a suite o f binding sites that actively complexes the metal, some 

beginning to be occupied, some near their half titration point, and some sites close to 

saturation. As a consequence, naturally-occurring complexants have closely spaced 

binding energies which enable them to buffer metals over a large concentration range 

(several orders o f magnitude) with only a gradual increase in free metal ion 

concentration, resulting in chemostatics.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



210

The same complexant may have different heterogeneity for different metal ions 

because different complexing sites might be available to each metal ion, and 

stabilities o f the strongest and weakest sites titrated with the same metal may vary 

from metal to metal.

The apparent stability and lability o f any target metal-HS complexes was found to be 

dependent on the metal loading and heterogeneity of the humic substances. 

Heterogeneity o f humic substances was found to play a crucial role in metal-DOC 

interactions and to control the trace metals competition for binding site on humic 

substances in freshwaters.

In addition, heterogeneity may be pH and ionic strength - dependent because of a 

different range of binding sites being available on humic substances at different pHs 

and ionic strengths. The apparent stability and lability of complexes determined by 

any given technique depend on the heterogeneity parameter T, the metal ion loading, 

the time-scale of the technique, and the water exchange rate for the metal ion.
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