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Foi desenvolvido um critério de labilidade para a interacção de metais vestigiários com dispersões coloidais, e foi testado com sucesso para a especiação dinâmica de metais vestigiários usando a cronopotenciometria de redissolução anódica com variação do potencial de deposição (SSCP).

A habilidade da SSCP para determinar o coeficiente de difusão de complexos metálicos lábeis foi estabelecida usando nanopartículas de látex, de ouro e de prata de vários tamanhos, e substâncias húmicas.

A avaliação da especiação dinâmica de metais vestigiários com dispersões coloidais homogéneas (nanoesferas de látex) mostrou que o sistema de membrana líquida permeável com célula de fluxo (PLM) não é capaz de determinar parâmetros dinâmicos, devido ao controlo da permeação pela membrana. As constantes de estabilidade obtidas com a PLM estavam em concordância com as obtidas pela SSCP.

Foi investigada a especiação dinâmica de metais vestigiários na presença de ligandos macromoleculares heterogéneos (matéria húmica) usando diferentes técnicas: técnica da membrana de Donnan (DMT), PLM e SSCP. Os resultados obtidos pela DMT e PLM concordam com os valores publicados obtidos com os eléctrodos de iões selectivos para as mesmas amostras. Os resultados da SSCP foram afectados pela heterogeneidade da amostra resultando na sobre estimação das constantes de estabilidade.

Palavras-chave: Especiação Dinâmica de Metais Vestigiários, Membrana Líquida Permeável, Cronopotenciometria de Redissolução, Técnica de Membrana de Donnan, Labilidade, Dispersões Coloidais. 
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ABSTRACT

A lability criterion for trace metal interaction with colloidal dispersions was developed and successfully tested for dynamic trace metal speciation studies using scanning stripping chronopotentiometry (SSCP). 

The ability of SSCP to determine the diffusion coefficient of labile metal complexes in solution was established using latex, gold and silver nanoparticles of various sizes and humic substances.

The evaluation of dynamic trace metal speciation with homogeneous colloidal dispersions (latex nanospheres) showed that the flow-through cell permeation liquid membrane (PLM) was unable to provide dynamic parameters, due to the membrane permeation control. The stability constants obtained by PLM were in good agreement with the ones obtained by SSCP.

Trace metal dynamic speciation in presence of heterogeneous macromolecular ligands (humic matter) was investigated by different techniques: Donnan membrane technique (DMT), PLM and SSCP. The results obtained by DMT and PLM agreed well with the published values obtained by ion selective electrodes for the same samples. SSCP results were affected by sample heterogeneity resulting in an overestimation of the stability constants.

Keywords: Trace Metal Dynamic Speciation, Permeation Liquid Membrane, Stripping Chronopotentiometry, Donnan Membrane Technique, Lability, Colloidal Dispersions. 
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Chapter I

Introduction

The impact of human activities and chemical pollution on environmental systems is an increasingly important issue. Chemical pollution originates from concentration changes of major (e.g., oxygen in waters) or minor constituents (e.g., trace metals in waters) of natural systems, as well as from the introduction of man-made chemical products (e.g., pesticides). The biological impact of a given pollutant is a consequence of a chain of events that may involve (i) mobility (physical transport in the bulk medium and across interfaces) and reactivity of the pollutant species in the medium (sorption on particles, surfaces and biofilms, and chemical reactivity, including e.g. complex formation, hydrolysis, oxidation/reduction), (ii) chemical conversion of pollutant species into bioactive or inactive species in the local environment external to the organism, e.g., dissociation of lipophobic complexes into the free metal, biodegradation, etc., (iii) transfer of the bioactive species across the biomembrane, and (iv) bioreactivity of the pollutant within organism.

Among the key pollutants we find several trace metals like lead, cadmium, and copper that occurs naturally in the environment and circulates by the biogeochemical cycles through the biosphere, lithosphere, hydrosphere and atmosphere. The relevant feature that distinguishes trace metals from other toxic pollutants is that they are non-biodegradable, thus having high environmental persistence. Since even at low concentrations these metals are harmful to living organisms, their accumulation in certain parts of the environment has become a well-known and serious problem, e.g., the interaction with natural polyacids such as ribonucleic acid and deoxyribonucleic acid probably may account for their mutagenic and carcinogenic effects
. The various roles of the trace metals in the geochemical and biological cycles, including transport, bioaccumulation and toxicity are mainly governed by their nature and chemical state. The complexation of trace metals is dependent on the conditions such as pH, redox potential, and concentration of complexing agents. In fact only a small proportion of the total dissolved metal is present as free hydrated ions, most of it is in the form of stable complexes with inorganic or organic dissolved ligands (e.g. colloids) and organic particles (e.g. phytoplankton, bacteria)
. Each of these species may behave differently in terms of mobility and bioavailability, hence natural aquatic systems are subject to changing conditions and practically never reach chemical equilibrium. This renders the study of metal speciation much more complicated, since it makes necessary a rigorous quantitative understanding of the metal speciation in the aquatic medium to elucidate the relationships between the different physicochemical metal forms and reactivities, mobilities and bioavailabilities in the biological and environmental processes, i.e. kinetic features of the metal complex species interconversion
,
. 

To enable an efficient interpretation of the functioning of ecosystems, the recording of large data sets is essential in order to correctly take into account natural spatial and temporal variations. Therefore, along with the understanding and development of general concepts on metal speciation, a parallel development of appropriate techniques is necessary. In natural waters, the concentration of environmentally relevant chemicals is frequently low (< 100 nM), and for free forms is still lower (< 100 pM), so analytical techniques must be non perturbing at the micrometer level or below, and combine speciation capability and high sensitivity
,
. 

A given analytical technique will detect species with physicochemical properties within a certain range, e.g. of size, mobility, stability/lability, that lie within a given characteristic thermodynamic and kinetic window. Diffusion is a key transport process for both environmental systems and sensor functioning (Figure I.1)
, and the response and accumulation times characterizes the dynamic analytical sensor. The signal resulting from the accumulation step represents an integration of all fluctuations in the [image: image599.jpg]test medium during this time
.

[image: image600.jpg]
Figure I.1 – Schematic representation of diffusional time scales and spatial dimensions for a range of environmental processes and analytical sensors (PLM = permeation liquid membrane, DGT = diffusive gradients in thin film, DMT = Donnan membrane technique)7.

The parameters that are used to predict the reactivity and the role of the metal M in its environment are:

i. total concentration of M;

ii. distribution of M amongst its chemical species (M, ML1, ML2, …), i.e., the proportion of each species with respect to the total concentration of M, where the considered species can include complexes of M with binding sites present in suspended particles or dissolved ligands;

iii. properties of all these species as well as those of the other aquatic components (L1, L2, L3, …) with which M can react. The most important parameters representatives of these properties are: 

· size, electric charge, structure and hydration degree;

· molecular diffusion coefficients;

· thermodynamics and kinetics constants.

The species distribution of an element, i.e., speciation, in rigorous terms only refers to the point (ii) described above. However, it is a term often used to designate not only the distribution, but also the group of analytic operations that permits its determination. The measurement of species distribution requires the prior determination of the properties of certain species, such as thermodynamic and kinetic constants (point (iii) described above), which allow calculation of its concentration. 

The analytical procedures to measure the metal speciation should combine the following criteria:

i. high sensitivity;

ii. minimization of the sample manipulation, in order not to modify the original sample;

iii. data interpretation in terms of speciation concepts (since the organic and inorganic trace compounds are present in a variety of different forms), and in terms of a possible species transformation during the recovery and the storage (including coagulation, microbial degradation, etc).

Among the analytical techniques for trace metal speciation analysis, some are based on dynamic processes (e.g. voltammetric methods such as stripping chronopotentiometry at scanned deposition potential (SSCP), and thin layer-based techniques such as permeable liquid membranes (PLM)), while others are thermodynamic in nature (e.g. Donnan membrane technique (DMT), or the electrochemical method of ion selective electrode potentiometry (ISE)), and thus are unable to provide kinetic information.

Stripping electrochemical techniques have two steps: deposition and quantification. During the deposition step (accumulation) the metal ions are reduced at a constant potential. The quantification of the metal ion accumulation is performed during the so-called stripping step where the metal ion is oxidized. The deposition step is identical for all stripping techniques, while the stripping step differs for each technique used. Within the stripping techniques, stripping chronopotentiometry, SCP
, and scanned stripping chronopotentiometry, SSCP
, are the more appropriate for the research proposes of this thesis. In these techniques the metal oxidation is performed by application of a constant oxidizing current and the analytical signal is the electrolysis time,  (also known as transition time). The analytical application of SCP has increased in recent years, and we can find several publications about analysis of samples containing relevant amounts of organic matter using this stripping technique
-
,
,
,
,
,
,
,
,
,
,

. The results obtained with SCP in a variety of matrices have been successfully compared with results obtained by graphite furnace atomic absorption spectrometry13,19,23,
 or inductively coupled plasma-optical emission spectrometry
, and have the advantage of a cheaper and simpler instrumentation. 

Another technique that is based in dynamic processes is the permeable liquid membrane (PLM). This technique was developed for the separation and preconcentration of target elements or species
-
,
,
,
,
,
,
,
,
,

.  Few studies have been made on PLM application to trace metal elements analysis in natural waters and still fewer studies for metal speciation studies under natural water conditions
,
. In literature this technique is often referred as supported liquid membrane technique (SLM), based on the type of device used for liquid membrane formation. Here we will use the term PLM since the key factor is the flux (permeation) through the membrane. The PLM technique is based in the preconcentration of the analyte from the source solution into a strip solution. This happens due to the tailor-made carrier that impregnates the membrane, which is selective for a given trace metal, thus allowing the use of this technique for a broad spectrum of elements. The PLM technique needs to be coupled to a sensitive detector to determine the concentrations of the studied elements. 

Lampert
 proposed the use of a semi-permeable cation exchange membrane, which separates the solution to be analyzed and an acceptor solution, to measure free ion concentrations in solution. This method has been used to measure free metal concentrations of copper (II) and cadmium (II)
-

. Temminghoff et al.
 improved the Donnan membrane technique (DMT), which is typically used as an equilibrium technique, i.e., the measurement of the target species is normally made after equilibrium has been attained. Recent developments
 allow a steady-state flux-based mode using this technique. DMT already was used for the measurement of free ion concentration of divalent cations such as Cd2+, Cu2+, Pb2+, Zn2+ and Ni2+ 44,
-
,

 and of trivalent Al3+ 
. 

The traditional equilibrium speciation technique is the ion selective electrode
-
,
,

 (ISE) potentiometry. This method measures directly the free concentration of the metal ion and has been employed in numerous studies of trace metal speciation complexation in a large variety of matrices
-
,

. Recently Pretchs et al. developed a new generation of ISE’s with improved detection limits by controlling the inner solution
,
. 

To perform trace metal speciation using dynamic speciation techniques, such as the stripping voltammetric techniques or the PLM technique, previous knowledge of diffusion coefficients of the species present in the system is needed. Determination of diffusion coefficients in natural systems presents a problem due to the polydisperse nature of natural organic matter (NOM)
. Several techniques have been used for this purpose, with relevance for fluorescence correlation spectrometry (FCS), which has been remarkably successful for diffusion coefficient determination of humic matter
-
,
,
,

, macromolecules, and biopolymers in solution
-
,
,

. 

Both PLM and DMT need a sensitive detector to determine metal ion concentrations. Usually, to determine the metal ion concentrations present in the source and strip solutions of the PLM technique graphite furnace atomic absorption spectroscopy
 (GF-AAS) is used. The DMT can be used in combination with inductively coupled plasma atomic emission spectrometry74 (ICP-AES), to analyze the macroelements in the donor and acceptor solutions, and/or inductively coupled plasma mass spectrometry74 (ICP-MS), to measure micro and trace elements present in both solutions. 

The validation of speciation techniques requires the use of well-defined model particles. The characteristics of a model system are: well defined size, and easily quantified number of homogeneous binding sites. The size of a typical colloid varies between 1 nm and 1 m. Natural waters contain for example humic and fulvic acids, oxide particles, living organisms and soil particles, all in different sizes and with different metal binding capacities and affinities. Therefore, a model system will provide a foundation for the understanding of the data obtained by a given technique on systems with natural particles. 

Outline of the thesis

The aim of this thesis is to contribute to the development of sensitive and highly selective techniques for measuring bioavailable metal ions under environmentally relevant conditions. The key issue is the ability to obtain dynamic trace metal speciation measurements at the metal concentrations present in natural aquatic systems. To understand the global dynamic process, a careful analysis of the main parameters and equations is necessary. The speciation techniques under study were scanning stripping chronopotentiometry and permeable liquid membrane that were compared using the latex nanospheres homogeneous system, and in a more complicated heterogeneous system, humic matter. Some doubts were raised about the parameters and equations used to calculate the dynamic speciation by SSCP in heterogeneous systems. Therefore, to complement this study the same heterogeneous systems were studied by Donnan membrane technique and ion selective electrode potentiometry. The trace metals chosen were lead and copper due to their relevance in environmental problems and their different binding properties relative to the studied heterogeneous ligands.

This thesis is organized in three parts. The first consist in the Introduction and Theory and is divided into three chapters (I, II and III); the second comprehends the Material and Methods (Chapter IV); and the third part presents the Results and Discussion (Chapters V to IX) as well as the Conclusions and Future work (Chapter X).  

Following this general introduction, Chapters II focuses on the development of the dynamic speciation theories for homogeneous solutions and colloidal ligand dispersions, and Chapter III gives an overview of the speciation techniques used for the measurement of metal speciation, namely SSCP, PLM, DMT, and ISE, and of the auxiliary techniques, FCS, GF-AAS, ICP-AES and ICP-MS, that are needed to accomplish the objectives of some speciation techniques, like SSCP, PLM and DMT.

Chapter IV details all the reagents and the procedures used in this thesis.

Chapter V addresses a technical issue, the influence of spherical diffusion, which can have large impact on labile trace metal speciation studies using stripping voltammetric techniques when a spherical macroelectrode is used as the working electrode. In this chapter it is show that the relative error in the calculation of the stability constants of the systems caused by assuming linear diffusion varies with the efficiency of stirring, the diffusion coefficient of the complex and the value of the stability constant itself. A new equation, considering spherical diffusion, was applied to a model system (lead/carboxyl modified latex nanospheres) and the correct stability constants were successfully calculated. 

Chapter VI focuses on the determination of the diffusion coefficient of the metal complexes. The majority of analytical techniques that are able to quantitatively determine trace metal speciation require some additional information on the chemical lability or physical mobility of the trace metal complexes, e.g. PLM, and stripping electrochemical techniques such as anodic stripping voltammetry (ASV) and SSCP require diffusion coefficients of the colloidal metal complexes in order to rigorously interpret the analytical signal. Two methodologies were used: the first one consists in the use of reverse pulse polarography (RPP) and ISE at the same time and in the same electrochemical cell to measure simultaneously the free metal using the ISE and the free plus labile metal using RPP; the second methodology is based on a labile metal ion probe using SSCP. The RPP/ISE methodology was successful tested using two fractions of NOM isolated from the Loire River (HPO and TPI), and a well characterized fulvic acid (Laurentian fulvic acid, LFA). The methodology using SSCP was successfully applied to eight standard latex nanoparticles with radii ranging from 5 to 129 nm and two samples of colloidal humic substances with hydrodynamic radii of ca. 1 nm.

Chapter VII focus is in the development of a lability criterion for trace metal speciation by colloidal ligands where convective diffusion is the dominant mode of mass transport, i.e. for SSCP in the way it was used in this thesis. Experimental evidence is given using scanned stripping chronopotentiometry measurements of lead(II) and cadmium(II) binding by carboxylated latex nanoparticles. In this chapter it is show that the conventional approach of assuming a smeared-out homogeneous ligand distribution overestimates the lability of a colloidal ligand system. Moreover, it is illustrated that the change in lability of a metal species with changing ligand concentration depends on whether the ligand concentration is varied, manipulation of pH (change of local ligand density) or variation of particle concentration (local ligand density constant). This feature can provide a useful diagnostic tool for the presence of geometrically constrained binding sites.

Chapter VIII evaluates the potential of permeation liquid membrane to obtain dynamic metal speciation information using a well-defined macromolecular system and compares the results with the ones obtained by a tested technique: stripping chronopotentiometry at scanned deposition potential. The stability constants were obtained with both techniques and compared for the interaction of lead(II) and copper(II) with carboxyl modified latex nanospheres of different radii (15, 35, 40 and 65 nm) at different pH values and constant ionic strength of 0.01 M. A good agreement between both techniques for both metals was obtained. It is shown that under the PLM conditions used the membrane diffusion is the rate-limiting step with a small contribution of the diffusion in solution, being the flux proportional to the free metal ion concentration with a small contribution of the labile complexes. In contrast PLM performed poorly when macromolecular ligands tend to aggregate. 

Chapter IX focuses the application of permeation liquid membrane and stripping chronopotentiometry at scanned deposition potential to humic substances to determine the dynamic nature of the metal complexes formed with this matter. For this purpose a humic acid from a peat bog at Sierra de Buio (Spain) was used, and the interaction of lead(II) and copper(II) with this heterogeneous ligand was studied. The results obtained by these two dynamic techniques were compared with the ones obtained with Donnan membrane technique and ion selective electrode. The results obtained by PLM, DMT and ISE were successfully compared. It was shown that due to a membrane control the PLM works as an ion selective electrode, thus this dynamic speciation technique is not affected by the lability and the ligand heterogeneity. Overestimated stability constants values were obtained by SSCP in respect with the ones obtained by the remaining techniques, which illustrates that the parameters and equations used to calculate the dynamic speciation by SSCP in heterogeneous systems do not take ligand heterogeneity into account exactly. 

In Chapter X the overall conclusions and the future work are discussed.


Trace Metal Dynamic Speciation

The importance of the interconversion between the different metal species and their kinetic characteristics, e.g. reactivity, mobility and bioavailability
,
, as been increasingly recognized as a key phenomenon in the environment. A quantitative understanding of these relationships requires the dynamic characterization of trace metal ion speciation
-

.


Dynamic theories for the study of homogeneous solutions were developed and successfully tested in a variety of model systems
-
,
,
,
,
,
,

. To facilitate the dynamic interpretation of these systems a lability criterion was developed for the commonest practical cases. The lability concept is used to define the contribution of the metal species to the overall flux through the consumption interface. The complex systems can be static, if they cannot dissociate in the time scale of the technique, or dynamic, if they dissociate and reassociate within the time scale of the technique (Figure II.1). The contribution of dynamic complexes for the metal overall flux depends on the relative magnitudes of the diffusive and kinetic fluxes, which can change from fully labile (diffusion control) to non-labile (kinetic control). 

The prevailing dynamic theory for homogeneous solutions, did not explain correctly the dynamic behavior of trace metal speciation in colloidal dispersions where the ligands are localized in the particle geometry. Pinheiro et al.
 developed a new dynamic theory that has the colloidal nature of the systems in proper account.

[image: image601.png][image: image602.jpg]
Figure II.1 – Schematic representation of the characteristic regimes of metal complex systems determined by the ratio between the time scale of the experiment, t, and the association/dissociation kinetics of the complex involved. 
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 denotes the association rate constant (ka) multiplied by the concentration of the ligand; kd is the dissociation rate constant; Jkin and Jdif denotes the contribution to the flux under purely kinetic and purely diffusion controlled conditions, respectively.

II.1. Dynamic speciation in homogeneous solutions

Consider the situation where an uptaking surface (e.g. electrode, microorganisms) is in contact with an environment that contains free and complexed metal ions, M and ML, respectively. The complexation reaction of a z-valent hydrated metal ion, 
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The rate constants are related with the stability constant of the complex ML, K, by:
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where 
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 denotes the bulk concentration of the species i.

The association rate constant can be defined for conditions of sufficient excess of ligand over metal (
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II.1.1. Eigen mechanism

The complex formation rate is generally consistent with the Eigen mechanism
-
,
. In this mechanism the formation of an outer sphere complex between the metal and the ligand, with stability constant Kos, is followed by a rate limiting removal of the first water molecule from the metal inner hydration sphere, with a rate constant of water loss k-w. According to this mechanism, the overall association rate constant, ka, is defined by: 
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where k-w only depends on the metal nature and can be taken from tables, and Kos is estimated in electrostatic basis using
,
: 


[image: image98.wmf](

)

22

3

00

4000

expexp

3441

MLML

os

zzezze

Nb

K

BTbBTb

k

p

peepeek

éù

éù

-

=

êú

êú

+

ëû

ëû

                                     MACROBUTTON MTPlaceRef \* MERGEFORMAT (II.1.5)

This equation is written for SI units, where  is the Debye-Hückel ion atmosphere parameter
 (
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), e is the elementary charge, B is the Boltzmann constant, N is the Avogadro constant,  is the vacuum permittivity,  is the relative permittivity of the medium, b is the distance of closest approach of the ions, and I is the ionic strength. The factor 103 present in equation (4000) is needed to convert mol-1.m3 in M-1.

II.1.2. Dynamic criteria

The metal species characteristic lifetimes are obtained from the reactions rate constants. Using the notation of equation 
(II.1.1)

, the lifetime of M is  GOTOBUTTON ZEqnNum449265  \* MERGEFORMAT  and of ML is 
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. For a time scale t much larger than the lifetimes of M and ML, each individual metal ion can frequently change from free to bound inside the diffusion layer. This situation is denoted as dynamic (Figure II.1) and obeys the condition22-

:
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When M and ML lifetimes are much higher than the operational time scale the complex does not dissociate within the diffusion layer (in the relevant time scale). This is the static case (Figure II.1) and obeys the following condition22-2324:
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being the complex species designated by inert, which is a trivial case, seeing as the complex ML not contributes to the flux, and hence this case is handled as the free metal ion case.

II.1.3. The dynamic case
Consider an interface that is in contact with a homogeneous solution that contains M and ML. The interface can be any surface of an analytic sensor like an electrode or a species selective membrane. The metal limiting flux, 
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, that results through the interface can be calculated solving the conservation equations10 for the different species:
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where 
[image: image106.wmf]v
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 is the rate of flow in the solution, ci is the concentration of specie i, and plus signal is for i = M, L and minus signal is for i = ML. The diffusion is account in the first term of equation 10(II.1.8)

, whilst the convection is present in the second term, and finally the third term is the chemical source (association/dissociation reaction). The proper boundary conditions are GOTOBUTTON ZEqnNum748944  \* MERGEFORMAT :
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In the kinetic case the complex dissociation rate determines the complex contribution to the metal ion interfacial flux. This flux corresponds to the kinetic current derived by the Koutecký-Koryta approximation (Figure II.2)
,
. In this approximation is established two regions spatial division of the M and ML concentration profiles in the diffusion layer, 
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, one labile and another non-labile. These two regions are separated by the boundary of the reaction layer with thickness 
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Up to  equilibrium between M and ML is maintained, and from 0 to  there is no equilibrium, thus the flux is solely given by the kinetic flux. The reaction layer thickness is only physically meaningful if is thinner than the diffusion layer, i.e., for sufficiently large times to guarantee that  < . In the dynamic limit and for semi-infinite planar diffusion without stirring, this condition is obeyed since 
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) is in fact equivalent to  << .
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Figure II.2 – Schematic concentration profiles for M and ML as a function of distance, x, from the electrode surface (
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), illustrating the reaction layer (
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MML
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) and its role in the Koutecký-Koryta approximation
.

In this regime two limits arise:

i. 
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, the system is non-labile, and the contribution of ML is purely kinetic;

ii. 
[image: image120.wmf]x

md
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, the system is labile, and the complex contributes fully to the flux via coupled diffusion with the free metal.

Note that truly non-labile metal complex systems, i.e., that produce purely kinetic currents, are rare due to the restrictive set of conditions necessary for their appearance24:

i. the system much be dynamic, with rate constants sufficiently high for equation (II.1.6)

 to hold;

ii. the system much be non-labile, with such a combination of values of the rate constants that the condition of non-lability is fulfilled;

iii. the ligand present in the system is so strongly complexing that 
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, which may be fairly restrictive in case of complexes with macromolecules or with particles.

II.1.3.1. Lability criterion for planar electrode and unstirred system
In the dynamic regime for a planar electrode with semi-infinite diffusion and an unstirred system the second term of the equation 24(II.1.8)

 vanishes. Thus, the metal limiting flux in the electrode surface is given by GOTOBUTTON ZEqnNum748944  \* MERGEFORMAT :
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where 
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 is the diffusion coefficient of the metal, and 
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where 
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D

 is the diffusion coefficient of the complex ML.

Extremes values of the argument 
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 in the 
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 of equation 24(II.1.11)

 give rise to two important limiting situations GOTOBUTTON ZEqnNum912971  \* MERGEFORMAT :
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For 
[image: image132.wmf]12
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 values much higher that the unity, the coupled diffusion of M and ML proceeds with a mean diffusion coefficient, 
[image: image133.wmf]D

, and gives rise to a average diffusion layer thickness, 
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. This system is denoted by labile.

II.1.3.2. Lability criterion for spherical electrode and convective diffusion
Under the conditions used in this thesis, a spherical electrode and convective diffusion, the electrochemical lability criterion can be obtained from the analysis of the general steady-state metal flux to the electrode. The kinetic flux, Jkin, is usually expressed as the product of the rate of dissociation, 
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The maximum diffusion flux of metal species in the complex system is28:
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where 
[image: image139.wmf]d

 is the thickness of the diffusion layer for a spherical electrode in the presence of complexing ligands:
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where 
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 is the mean diffusion layer thickness, and r0 is the electrode radius.

The average diffusion coefficient can be expressed in terms of 
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The lability condition for dynamic and stirred systems, with 
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This condition is identical to the well-known Davison criterion6 when the diffusion coefficients of the free metal and the complex are equal (
[image: image148.wmf]1

e

=

).

II.2. Dynamic speciation in colloidal ligand systems 

In colloidal systems the ligand and complexed metal concentrations, 
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 and 
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, are confined on the particle geometry. The simple case is to consider that ligands are localized in the surface of the colloidal particles, i.e., there is spatial heterogeneity of binding sites within the sample volume. 

Consider the same scheme of equation (II.1.1)

. The metal ion, M, can associate with a ligand, L, to form an electroinactive complex, ML, and at the same time can be reduced to the metal atom, M0, at the electrode:  

           kd
M + L ( ML                 
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           ka
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M0

It is assumed that the complex ligands are localized in a thin shell with thickness d around a spherical particle of radius a (Figure II.3), therefore the reaction of M with L may be limited by diffusion as compared to a homogeneous ligand solution15. This ligand distribution inside the particle domain is applicable to a core-shell colloids and to humic matter adsorbed to the surface of solid particles in natural waters, where d is much smaller than a (d << a). A spherical symmetry is assumed for which the ligand density in the shell is only function of the origin of the coordinates system, 
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, i.e., the particle centre. Due to the non-homogeneous nature of the spatial distribution of ligands is advantageous to reformulate the conservation equation in terms of an average coarse-grained concentration thus avoiding the discontinuous local concentration variations in the mathematical formulation. This coarse-grained concentration of species i, 
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where r is the distance from the consuming surface, and the integration extends over a volume V that is large enough to represent many colloidal particles but small compared to the diffusion layer of the consuming surface, such that 
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 is approximately constant inside V, and is a continuous function inside the diffusion layer of the consuming surface.
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Figure II.3 – Representation of the colloidal dispersion in the diffusion layer with thickness , and detail of the local diffusion layer around an individual particle15.

Therefore, we can rewrite the conservation equation (II.1.8)

 for Ci, accounting for diffusion, convection, and chemical reactions:
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The same boundary conditions (equation 
(II.1.8)

 holds for this equation, where (II.1.9)

) as for equation  GOTOBUTTON ZEqnNum283386  \* MERGEFORMAT  is simply replaced by 
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, and DL = DML = Dp where Dp is the diffusion coefficient of the colloidal particle. The rate constants 
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 will provide the correct equations that allows the description of metal speciation dynamics in colloidal ligand systems and the quantification of the differences of dynamic behavior in homogeneous solution.

Pinheiro et al.15 made the following assumptions to obtain the new association and dissociation rate constants:

i. Donnan potentials and double layer effects inside the ligand domain are insignificants;

ii. the ligand concentration is in excess over the metal, such that the coarse-grained ligand concentration is constant;

iii. the diffusion layer thickness, , adjacent to the electrode is much larger than the overall colloidal particles radius (a+d);

iv. the ligand layer is much smaller than the particle radius (
[image: image167.wmf]1
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<<

);

v. the solution is sufficiently diluted such that individual diffusion layers around neighboring particles do not overlap.

It is assumed that the colloidal particle is immobile. This colloidal particle adsorbs or desorbs the metal (formation or dissociation of the complex, respectively) if the free metal concentration changes outside the shell, giving rise to free metal diffusion to or from the particle. Equation 
(II.2.21)

 can be integrated over  GOTOBUTTON ZEqnNum537618  \* MERGEFORMAT , since the thickness of the ligand layer is much smaller than the particle size (
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), and the results can be expressed in a equivalent surface concentration, 
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The free metal concentration can be taken as constant within the ligand layer since this layer is very thin:
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Substituting equations (II.1.8)

, and assuming that the volume reaction rate constants ka and kd also hold for the formation/dissociation reaction inside the surface layer, we obtain:
(II.2.24)

 in the source term of equation (II.2.23)

 and 
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To solve this equation is necessary to know 
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. The diffusion of free metal to or from the particle requires the conservation of free metal beyond the shell layer in the vicinity of the particle:
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When a large-scale diffusion layer is entered, the colloidal particles experience a gradual variation in the free metal concentration. As long as  >> a, the flux from or toward the particle retains its steady-state nature. The solution of equation (II.2.26)

 is:
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where 
[image: image179.wmf]far
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 is the local free metal concentration outside the diffusion layer around the particle. This corresponds to a spherical concentration profile of the free metal, creating from the formation of a local diffusion layer situated around the colloidal particle. This local diffusion layer will adapt very quickly to the gradual concentration variation in the large-scale diffusion layer, and thus the variation of 
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Substitution of equation 
(II.2.25)

 and eliminating (II.2.28)

 in  GOTOBUTTON ZEqnNum382637  \* MERGEFORMAT  provides the local conservation equation for individual particles:
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The source term of the conservation equation can be constructed by collecting the terms for individual particles present in the volume V, i.e., the coarse-grained concentrations at r, obtaining:
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where N is the number of particles in the volume V. The coarse-grained concentrations for the bound metal and ligand can be obtained from the surface concentrations: 
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The substitution of equations (II.2.30)

 gives:
(II.2.32)

 in equation (II.2.31)

 and 
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where cp is the particle number concentration in the volume. This equation shows that in the equilibrium situation, where 
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which confirms that the equilibrium constant, K, is the same for local and smeared-out concentrations. 

Equating the right-hand side of equation 
(II.1.8)

, is found the relationships between the apparent association and dissociation rate constants, (II.2.33)

 with the source term in equation  GOTOBUTTON ZEqnNum732308  \* MERGEFORMAT  and 
[image: image193.wmf]*

d

k

, respectively, with ka and kd in a homogeneous solution, respectively15:
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For ligand excess conditions, 
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II.2.1. Dynamic criteria

Analogous to the applicated concepts in the homogeneous solution, the complex colloidal systems are considered dynamic if the equilibrium is completed maintain in the relevant time scale and static in the opposite case:
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Again the dynamic evaluation based in the comparison of the kinetic control with the diffusive control introduce two limiting cases
:

i. kinetic limit: the flux is effectively determined by the dissociation rate, corresponding to the situation where 
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, respectively. This happens to metals with formation rate constants relatively small (small 
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) and/or systems with small particles.

ii. diffusive limit: the diffusive flux around the particle is rate limiting, what means that the free metal ion frequently reassociates inside the domain of the same particle, i.e., the metal reassociation rate is much higher than the diffusion rate away from the particle. This situation corresponds to 
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, respectively, i.e., depends on the diffusion parameters while its independent of the association rate constant, ka. This happens for metals with 
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 values relatively high and/or colloidal particles sufficiently larges.

The magnitude of the difference between 
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 and 
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 may be several orders of magnitude, hence complexes with colloidal ligands will become less dynamic, or even static with increased particle radius. The change of a at a constant overall ligand concentration CL, requires a corresponding variation of particle number. With increasing ligand concentration, a colloidal metal complex loses lability much faster than the homogeneous solution counterpart.

II.2.2. Lability criterion for spherical electrode and convective diffusion

The lability criterion is defined for different systems geometries and mass transport conditions as:
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The electrochemical lability criterion for a spherical electrode and convective diffusion can be obtained from the analysis of the general steady-state metal flux to the electrode. This incorporates the mass transport as well as the complex formation/dissociation kinetics:
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where 
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 is the limiting deposition current, n is the number of electrons involved in the process, F is the Faraday constant, A is the electrode surface area.

The kinetic contribution of the complex formation/dissociation is given by the right hand term of the general dynamic equation. By the comparison between the parameters presents in this term, 1 and 
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, we can define a lability criterion for a colloidal ligand dispersion, L* (where the asterisk derive from
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the complex is labile and equation (II.2.42)

 is reduced to the diffusion flux:
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For a non-labile complex we have:
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and equation (II.2.42)

 is reduced to:
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which for strong complexes, with 
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, is reduced to the kinetic flux:
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In accordance with this new theory the use of the approximation of homogeneous nature of the ligand distribution in macromolecular systems, with association and dissociation rate constants giving by ka and kd, respectively, is valid only for kinetic controlled systems, which for 
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 are equal to ka and kd, respectively15,29. In systems where the diffusive control is important, the homogeneous approximation is totally incorrect, and 
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 values, like Pb(II), Hg(II), Cu(II) and Cd(II). For systems controlled by diffusion the use of the homogeneous ligand concentration approximation overestimates the dynamic nature and the complex species lability, since is used ka and kd instead 
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 in the dynamic condition and in the lability criterion15,29.


Speciation Techniques

III.1. Stripping chronopotentiometry (SCP) and scanned stripping chronopotentiometry (SSCP)

The use of stripping techniques to study metal speciation is gaining increasing interest due to the development of stripping chronopotentiometry (SCP). Data interpretation in the past was rather empirical
-

, but SCP has changed that since the theoretical basis for metal speciation using this technique was developed
-

. Especially interesting is the stripping chronopotentiometry at scanned deposition potential, SSCP, due to its ability to obtain dynamic information and the stability parameters irrespective of the dynamic nature of the system.

III.1.1. Stripping chronopotentiometry (SCP)

In this technique the reoxidation of the accumulated metal is made by application of a constant oxidizing current. The analytical signal is the time needed to reoxidise the amalgamated metal, i.e., the transition time, . The fundamental difference of the stripping step nature in SCP offers some advantages in respect to anodic stripping voltammetry (ASV). 

The sensibility of a technique is determined by its ability to discriminate the analytical signal from the background. In electrochemical methods, the sensibility increase implies a better discrimination between the faradaic signal and the capacitive current component
. In SCP, the original potential-time transient is converted in dt/dE vs. E format4 (Figure III.1), which denotes the inverse of the time derivative of the potential curve, which make SCP less susceptible to interferences from adsorbing organic compounds as compared with ASV
. 

[image: image607.wmf] 


Figure III.1 - Schematic representation of the SCP t,E transient (- - -) and the ensuing dt/dE vs. E peak (()
. The transition time, , is indicated on the plateau of the t,E curve.

In the dt/dE vs. E representation of the SCP signal the area under the peak is proportional to the accumulated metal, while the area under the baseline corresponds to the time needed to charging. If the baseline before and after the peak is determined by a well defined charging process is not necessary make a background correction of the obtained data, since the baseline will not appear distorted due to the capacitive background3,
-
,
,



. It is necessary to know the stripping time regime under what the measurements are made, since two stripping time regimes are possible depending of the stripping current magnitude: the I1/2 regime (semi-infinite linear diffusion) and the I regime (complete depletion). 

In the I1/2 regime, i.e., for conditions corresponding to semi-infinite linear diffusion, I > ca. 5(10-8 A 4. In this regime the dt/dE vs. E curve have a poor baseline due to the incomplete oxidation of the accumulated metal4. If the noise level in the baseline before and after the faradaic peak is very low and with an hanging mercury drop electrode with a surface area of 5.2(10-7 m2, the lowest detectable concentration under these conditions corresponds to 3(10-9 M 4.

 In the I regime, for the small drop size used throughout this work (radius of 1.78(10-4 m), we imposed a stripping process at low rate (I in the range 5(10-9 – 5(10-10 A 4) to obtain electrode depletion complete during the transition time. Theoretically,  should increase continually as I is decreased. However, the practical limit of this  increase is determined by the concentration of traces of dissolved oxygen (or other oxidants). To an I of 1(10-9 A Town and van Leeuwen4 reported 4(10-10 M as the lowest detectable concentration (with an hanging mercury drop electrode with a surface area of 5.2(10-7 m2), which is similar to that determined by the measurements made with DP-ASV
 via the same protocol. 

For I < 5(10-10 A a significant contribution of traces of oxygen to the oxidation were observed. The I regime cannot be attained under conditions of oxygen saturation, due to the high effective oxidant concentration. However, the oxygen interference can be considered negligible when very high stripping currents (I ( 10-7 A) are used. However, these are not the best conditions to perform SCP analysis, due to the decrease of the sensibility and resolution.  

The depletive mode was the regime used in the work performed during this thesis. In this regime the number of moles deposited equals:
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The number of moles reoxidised is given by:
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where Is is the stripping current, and  is the limiting value for the transition time obtained for deposition potentials much larger than the standard potential, Ed << E0. In the depletion mode the number of moles deposited equals the number of moles reoxidised and the limiting transition time is given by:
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which is the charge balance for complete depletion.

The main advantage of SCP over the DP-ASV is the capacitive charging discrimination, obtained by a protocol (use of the area under the peak as the obtained signal) that allows the elimination of adsorption complications5. Additionally, the use of the peak area in SCP under conditions of full depletion provide the correct measure of the analytical signals in case where peak broadening arises from heterogeneity of metal complexes and/or adsorption of organic matter in the electrode surface during the stripping step5,6. 

SCP offers important advantages as compared with other stripping techniques, however the relation between the peak parameters (peak potential, Ep, and half-width, w1/2) and the metal speciation in the bulk (thermodynamic stability, and kinetic lability of the metal complex species) are not straightforward9,
. 

The E-t characteristic of the SCP curves for a reversible Mn+/M0(Hg) system is basically determined by the Nernstian conditions7 at the electrode surface:
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where 
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 and 
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 are the concentrations of the reduced metal and of the metal ion in the electrode surface, respectively, R is the gas constant, and T is the temperature. 

The rigorous understanding of the stripping curve shape needs the consideration of the time dependence of the relative concentrations of the oxidized and reduced species in the electrode surface9. The overall result for the t, E relationship is a simple exponential dependence, and consequently the dt/dE vs. E curve has a steep leading edge followed by an exponential decaying function. This implies that w1/2 is given by the width of the descending part, plus an unknown, but much smaller, contribution from the leading edge, and Ep depends of the contribution of certain factors, such as current magnitude, thickness of the diffusion layer, deposition time, etc. 

In practice the rigorous reconstruction of the dt/dE vs. E curve for a given metal-ligand system is extremely cumbersome, but the changes in the stripping peak parameters (Ep and w1/2), which occurs with the changes in the complexation degree, can provide useful information to the speciation. 

A natural pursuing of the SCP development was the application of the stepwise SCP, i.e., SCP at scanned deposition potential (SSCP)
, as an approach for determination of metal speciation parameters. The SSCP curves are constructed from a series of measurements made over a range of deposition potentials, Ed. The potential is held at Ed during the deposition time, td, after which time the oxidizing current is applied until a value well passes the deposition plateau. Since the only information taken from each measurement is the stripping peak area, the limitations associated to the reliable determination of the stripping peak parameters at any deposition time are avoided19. The SSCP theoretical basis is described bellow.  

III.1.2. Scanned stripping chronopotentiometry (SSCP)

In this approach,  is measured for a range of deposition potentials, Ed, i.e., the only information taken from each individual SCP wave is the peak area. The theoretical basis of this technique going to be explained considering the following aspects: case of metal-only, kinetic current regime and respective limits, and application to heterogeneous ligands. This theoretical explanation is restricting to the spherical macroelectrode case and to the complete depletion regime, i.e., the conditions used in this thesis.

  III.1.2.1. Expression for the SSCP wave: metal-only case

van Leeuwen and Town19 gave the detailed derivation of the expression for the SSCP curve of  vs. Ed. Herein it only will be summarize the key points of this derivation.

For a given potential, the deposition current, Id, at a spherical macroelectrode with radius r0 is given by7:
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where 
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 are the concentrations of metal ion in the bulk solution and at the electrode surface, respectively, DM is the diffusion coefficient of the metal, and M is the diffusion layer thickness. For a macroscopic electrode with r0 >> M the spherical term 1/r0 vanishes
. The limit of the deposition current, 
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For a reversible electron transfer reaction a Nernstian relationship applies between the surface concentrations of M and M0 (equation (III.1.4)

). This relationship can be rewritten in terms of the surface concentration ratio, :
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For deposition potentials much larger than the standard potential, during the deposition the reduced metal concentration in the electrode increases from zero at t = 0, to values much higher than 
[image: image247.wmf]*
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 at t = td (due to the preconcentration factor). In depletive stripping, this typical characteristic has the consequence19 that the reduced metal concentration at the electrode surface is practically the same as the reduced metal concentration in the bulk of the electrode volume9. This is an additional attractive feature, since allows avoiding formulation of flux or concentration gradient of M0 inside the small spherical electrode volume. 

The deposition current decreases with time, with a time constant d, and is controlled by Ed. Therefore, Id is function of time and is given by19:
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where d is the potential-dependent characteristic time constant of the deposition process:
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where V is the volume of the spherical electrode. This d is a basic parameter of the deposition process, and governs the rate at which the system can realize reduced metal concentration in the bulk of the electrode volume corresponding to equilibrium (
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 is the reduced metal concentration in the electrode bulk).

During the accumulation time the concentration of reduced metal in the electrode increases up to 
[image: image252.wmf]0

*

M

c

, which equals the integral of the time-dependent deposition current Id:
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Diffusion within the electrode volume is rapid, thus a homogeneous 
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 can be assumed. A typical characteristic of depletive stripping chronopotentiometry has been shown to be 
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In depletive SCP the total charge, Q, transferred after a deposition period with duration td is linearly related to the transition time via the constant stripping current, Is: 
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Therefore, for depletive SCP, it is possible to write Q in terms of :


[image: image257.wmf](

)

*

1exp

dd

dd

s

I

t

I

t

tt

=--

éù

ëû

         





         MACROBUTTON MTPlaceRef \* MERGEFORMAT (III.1.12)

which represents the full SSCP curve of  vs. Ed, since the potential is enclosed in d according with equation 19(III.1.9)

 GOTOBUTTON ZEqnNum330815  \* MERGEFORMAT . For transient scanned stripping voltammetry (SSV) and for SCP in the dynamic regime I1/2, this straightforward relationship with the analytical signal does not exists.

The limiting value of the transition time19, 
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, is obtained for deposition potentials much larger than the standard potential (Ed << E0), i.e., for 
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), the exponential term in equation 
(III.1.12)

 can be developed into a series ( GOTOBUTTON ZEqnNum856385  \* MERGEFORMAT ), for which neglecting the higher order term results in:
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This result is in reality the same found for the charge balance for complete depletion (equation (III.1.3)

).

The comparison between the SSCP and corresponding polarographic
-

 curves show that the SSCP curve is shifted to more negative potentials19, due to the influence of 
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 on equilibrium potential at t = 0 9. The SSCP curve around the region of half-wave potential, E1/2, is asymmetrical, while the polarographic curve is completely symmetrical19. Furthermore, the slope of the rising portion of the SSCP curve is steeper than the polarographic curve19, due to the processes that occurs when Ed is nor sufficiently negative to drive 
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 to zero. Under these conditions, the reduction of M to M0 occurs until the equilibrium between 
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 is attained, and then it will cease, no matter how long Ed is applied. Consequently, in the foot region of the SSCP curve the  values are independent of td, but as Ed lie to more negative values  becomes directly proportional to td, corresponding to 
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III.1.2.2. General dynamic case

The rigorous expression for SSCP curve to include dynamic complexes was developed
 in the basis of Koutecký-Koryta approximation
-
,

. For quasi-labile or non-labile complexes is used the known expression for the thickness of the pertaining reaction layer, ( (equation (II.1.10)

).
For steady-state conditions 
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 is cML in the reaction layer, which in the steady-state Koutecký-Koryta approximation is constant and equal to cML at x = , 
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. The flux of the free and complexed metal at x =  is then given by24: 


[image: image271.wmf](

)

(

)

*

,,

MTMT

Dcc

J

d

m

m

m

-

=

-









         MACROBUTTON MTPlaceRef \* MERGEFORMAT (III.1.14)

where 
[image: image272.wmf]D

 is the average diffusion described by equation 
(II.1.18)


, and the thickness of the diffusion layer for a spherical electrode,  GOTOBUTTON ZEqnNum582182  \* MERGEFORMAT , is given by equation 
(II.1.17)

, where  GOTOBUTTON ZEqnNum598495  \* MERGEFORMAT  is modified accordingly with the given hydrodynamic conditions: 
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where  is a constant coefficient of the diffusion layer that does not depend on the diffusion coefficient, and p is the hydrodynamic parameter related to the mass transport in the system, and for a macroelectrode can assume a value between 
[image: image276.wmf]12

 for pure diffusion conditions and 
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 for laminar convective diffusion. For the conditions used during the work performed in this thesis the value of p is approximatelly 2/3 
. To a macroelectrode (planar diffusion) 
[image: image278.wmf]d

 reduces to 
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The flux of M at x = 0 is given by24:
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Considering the accumulation process to be entirely a steady-state situation the fluxes at x =  and at x = 0 are thus equal, J = J, and is obtained:
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At x =  an equilibrium still exists, therefore:
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The substitution of equation (III.1.17)

 gives:
(III.1.18)

 in equation 
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Substituting equation 
(III.1.16)

 and solving in order to (III.1.19)

 in equation  GOTOBUTTON ZEqnNum897804  \* MERGEFORMAT  is obtained:
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which is applicable for arbitrary values of the diffusion coefficient of the complex (DML). This equation can be written in terms of the deposition current Id:
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Since the kinetic term is independent of time for the complex system, the problem is mathematically identical to that of the metal-only case, i.e., the limit of the deposition current, 
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and the characteristic time constant of the deposition process is:
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An explicit expression for the shift of the half-wave potential due to the formation of complexes, 
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, (equivalent to DeFord-Hume expression
) can be obtained by considering only the exponential term in equation 
(III.1.12)

. This is due to the fact that the coefficient in this equation,  GOTOBUTTON ZEqnNum856385  \* MERGEFORMAT , is just a form factor that does not affect the position of the SSCP curve on the Ed axis19. A depletive SSCP curve in the kinetic regime remains unchanged24, in which 
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 and d are given by equations 
(III.1.23)

, respectively, and the shift in (III.1.22)

 and  GOTOBUTTON ZEqnNum408918  \* MERGEFORMAT  is given by
:


[image: image295.wmf](

)

(

)

(

)

d,1/2MLM

ln1'ln

ERTnFK

tt

**

+

éù

D=-++

ëû

          


         MACROBUTTON MTPlaceRef \* MERGEFORMAT (III.1.24)

where 
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 are the limiting wave heights in the presence and in the absence of ligands, respectively.

The possibility of calculate the stability constant of a complex by equation 32(III.1.24)

 in all dynamic situations (labile, quasi-labile and non-labile) is a consequence of the Koutecký-Koryta approximation GOTOBUTTON ZEqnNum896005  \* MERGEFORMAT . The physical explanation is that 
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 (in equation 
(III.1.24)

) reflects the magnitude of the original flux, irrespective of its nature, i.e., diffusion control or kinetic control. In a labile system, the reduced metal concentration in the bulk of the electrode volume is higher than that in a kinetic regime, resulting in a higher  GOTOBUTTON ZEqnNum896005  \* MERGEFORMAT  value19. 

The major advantage of the use of SSCP is the possibility of calculates the association/dissociation rate constants of the system under study. Using the value of the stability constant obtained by the variation of the half-wave deposition potential the average diffusion coefficient can be calculated using equation 
(II.1.18)

. The thickness of the diffusion layer can be obtain by the ration between the limiting transition time in presence and absence of ligand,  GOTOBUTTON ZEqnNum582182  \* MERGEFORMAT , and using the value of 
[image: image301.wmf]D

 value. Consequently, the value of the association rate constant of the system can be obtained using the reaction layer thickness definition (equation (II.1.10)

). 

III.1.2.2.1. Limiting case: labile system

In this case, both free and complex metal contribute for diffusion to the electrode surface on any relevant spatial scale. This means that  is very small and 
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In a labile system with DML < DM, the decrease in 
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 occurs due to the decreased supply of M to the electrode surface. As a result, the ratio of the stripping signals obtained under conditions of limiting stripping current, i.e., Ed << E0, in absence and presence of ligand (
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. Therefore, in this limit the stability constant of the complex also can be calculated by the decrease in the limiting transition time29,32:


[image: image309.wmf]1

1

00

1111

MLMM

p

p

M

DD

rDr

D

tt

g

g

**

+

-

-

æö

æö

=++

ç÷

ç÷

ç÷

èø

èø

         


         MACROBUTTON MTPlaceRef \* MERGEFORMAT (III.1.27)

For a macroelectrode, where 1/r0 << 1/(, the equation reduce to:
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At a spherical electrode that presents a mixed control, to obtain the mean diffusion coefficient it is necessary to solve equation 
(III.1.27)

 making the variable substitution  GOTOBUTTON ZEqnNum204820  \* MERGEFORMAT to obtain a cubic equation:
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Using the average diffusion coefficient value obtained solving the cubic equation 
(III.1.27)

 and the mass balance for the metal, the stability constant ( GOTOBUTTON ZEqnNum204820  \* MERGEFORMAT ) is given by:


[image: image314.wmf]ML

M

D

D

D

D

K

-

-

=

'

          







         MACROBUTTON MTPlaceRef \* MERGEFORMAT (III.1.30)

III.1.2.2.2. Experimental lability criteria

If the system is not fully labile, the concentration of the reduced metal in the bulk of the electrode volume is lower than the one in a fully labile system, due to the lower kinetic, and hence 
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 is reduced as compared to the labile case. Therefore, if 
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 is lower 
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 it will be reduced in parallel, thus retaining its relationship with 
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32. In this case, is not possible to calculate the stability constant using the variation of the limiting transition time (equation (III.1.27)

), since it will lead to an overestimation of its value or even meaningful values (negative values of K).
As the lability of a system decreases, the K values determined by the shift in the half-wave deposition potential, 
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 (equation 
(III.1.24)

), and by the limiting transition time,  GOTOBUTTON ZEqnNum896005  \* MERGEFORMAT  (equation 
(III.1.27)

), deviate increasingly until, at a certain point, calculation of K from  GOTOBUTTON ZEqnNum204820  \* MERGEFORMAT  becomes impossible. This provides the lability diagnosis proposed by Pinheiro et van Leeuwen32. The correct value of K over all lability range is given by 
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, as was explained before. 

III.1.2.3. Chemically heterogeneous samples

The depletive SCP is free from secondary effects that many times make the interpretation of the SV measurements in heterogeneous systems doubtful, e.g., humic substances adsorption in the electrode surface, or insufficient ligand excess during the stripping step
.

The humic substances presence, that can originate metal complexes with a range of stabilities and mobilities, give rise to a decrease in the height of the SSCP curve and a spread out along the Ed axis, when compared to a homogeneous system
,
. Since this effect also was observed for voltammetric curves
, this result can be explained by the humic substances heterogeneity, since is independent of td and electrode size. 

A measure of the heterogeneity degree of the metal complex system is provided by the slope of the SSCP curve35,36. Nevertheless this parameter being a relative and qualitative indicator of the heterogeneity cannot be obtained for the non-depletive SV modes.

For heterogeneous ligands, the meaning of any expression for 
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where DMS is the diffusion coefficient of the metal complexes with the various binding sites S, and 
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 is its bulk concentration.

The interpretation of the SSCP curves for heterogeneous complexes is difficult because, although the low stripping current in depletive SCP gives the important simplification that 
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, and consequently the relative proportion of complexes contributing to the flux is not fixed. Due to these limitations Town and van Leeuwen
 proposed a more quantitative basis for determination of parameters to describe metal binding by heterogeneous ligands and the SSCP wave characteristics using the Freundlich isotherm. This isotherm describes the relationship between complexed and free metal by:
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where 
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from which it can be obtained the shift in half-wave deposition potential:
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The Freundlich parameters can be used to calculate the average stability constant in the bulk solution, 
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III.2. Permeable liquid membrane (PLM)

A permeable liquid membrane consists of a macroporous support impregnated with a hydrophobic organic solvent containing a cation carrier, C. This membrane is placed between the sample (source phase) and the receiver (strip phase) solutions (Figure III.2). The metal ion transport across the membrane occurs by:

i. diffusion of the target metal ion to the source/membrane interface;

ii. complexation of the metal ion M with carrier to form the complex MC;

iii. partitioning into the organic phase;

iv. diffusion of the MC complex to the membrane/strip solution interface;

v. dissociation of the complex MC at the strip/membrane interface.

The metal ion transport can be driven by a pH gradient (Figure III.2a), a counter cation (Figure III.2b) or a co-anion (Figure III.2c) gradient. Situations (a), (b) or (c) should be carefully selected, in particular the choice of the strip phase composition. Usually scheme (c) is not recommended, as the flux of M will depend on the source composition. Scheme (a) must also be used with caution, because the pH (and thus speciation) in the source solution may vary with the chosen conditions. To make speciation measurements, the perturbation of the source solution should be avoided, thus counter cation gradient driven PLM systems (scheme (b)) is the most suitable one. The strip solution volume must be smaller than the sample volume in order to obtain very high preconcentration factors for the target species.
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Figure III.2 – Mechanisms for maintaining electroneutrality during the transport of a cation M+ through PLM52: (a) counter-transport of H+; (b) counter-transport of another (alkaline) cation, 
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M

+

; (c) cotransport of anions, A-. Other symbols: C is the metal ion carrier, S is the stripping agent and 
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A

 is the lipophilic anion on the membrane.

III.2.1. Device

Different types of support geometries can be used for a supported liquid membrane. The simplest system, in which a flat sheet support separates two stirred compartments, is useful for physicochemical studies but not for analytical ones, as the preconcentration factor is low with such systems
. Hollow fiber and spiral wound geometries
 are more amenable to analytical applications at trace levels, because the surface areas to volume ratios of these systems are high
, and hence high fluxes and short analysis time can be achieved. Preconcentration factors of the order of 100-1000 can be obtained with such systems
.

A multichannel flow-through PLM cell
 specially built for speciation measurements was used for this work. This cell was designed with the perspective of having a good control of the flux of the analyte, which is needed for speciation measurements with PLM technology.

III.2.2. Components of PLM systems

The major components of PLM are: the inert membrane support, the aqueous solution and the organic phase (carrier and solvent). A brief explanation of the membrane support and of the organic phase is given below. 

III.2.2.1. Membrane support

The physical and morphological properties of the inert membrane material play a significant role in the stability of PLMs, and may have some effect on solute permeation. The inert membrane support must have a critical surface tension greater than that of the organic solution and lower than that of the aqueous solutions
. Furthermore, the pore diameter must be as small as possible (( 0.1 mm)
.

The studies made in this work were developed with a Celgard 2500 membrane from Hoechst (Table III.1).

Table III.1 – Characteristics of Celgard 2500 microporous polypropylene hydrophobic flat sheet membrane (specifications from the manufacturer).

	Porosity /%
	Pore dimension (W × L) /m
	Thickness /m

	47 
	0.05 × 0.21 
	25.4 


III.2.2.2. Organic solvent and carrier

The role of the solvent is to form a hydrophobic barrier between two aqueous solutions. The solvent must be very insoluble in water since only a thin film of solvent with a large area is in contact with large volumes of aqueous solutions. Slight solubility of the solvent would cause losses resulting in leakage of the solvent to the two aqueous phases. In addition to the low solubility of the solvent in water, it must have a high rate of mass transfer (high partition coefficient of the analyte between the source solution and the organic solvent) and high selectivity (low partition coefficient of potential interfering species).

In order to achieve an effective separation, a good carrier should have low solubilities in water and form moderately strong complexes with metal ions of interest (stronger complexes than that formed in the source solution, and weaker complexes than that formed with the ligand present in the strip solution). The N,N-substituted diaza crown ether with hydrophobic functional groups such as 1,10-didecyl-1,10-diaza-18-crown-6 (commercial name 22DD Kryptofix) has been reported
-

 to form stable complexes and to act as a good carrier for the transport of metal ions in bulk liquid membrane systems. 

For the purpose of applying PLM to trace metal speciation studies in natural water conditions, a counter cation aided system containing a neutral carrier, 22DD, and laurate as counter anion in the toluene/phenylhexane solvent was designed. The transport of free metal ions through this counter cation aided system was described and it was shown that the system selectively extracts Cu, Pb, Cd and Zn species38,41,
-

. This counter cation aided system was used for the present work. 

III.2.2.3. Transport processes through PLMs

Guyon et al.
 shows that the stoichiometry of the extracted metal complex is one metal to one 22DD and that the metal is complexed by the nitrogen and oxygen atoms in the macrocycle cavity. It was clearly shown that the uptake of metal is accompanied by an exchange of the lauric acid protons from the organic phase, two protons are released and two mol of lauric acid are required for one mol of extracted M2+ to maintain charge neutrality.

Species separation is based on liquid/liquid partition (Figure III.3). A metal flux occurs when the complexation strength increases from the source solution to the hydrophobic membrane and to the strip solution; it depends on diffusive transport in the hydrophobic membrane, the source and strip solutions, and is measured by determining the metal concentration in the strip solution vs. time. The flux, and thus the nature of the test species measured, can be varied by manipulation of these diffusion-controlling steps: if the diffusion in the source solution is made to be rate limiting, then both free metal and labile complexes are determined; if diffusion across the membrane is governing the flux, then only the free metal ion is measured.
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Figure III.3 – Schematic diagram of a permeation liquid membrane. ML represents complexes that can only contribute to accumulation in the sensor via prior dissociation into M. Source solution: KML is the equilibrium constant; so is the source solution diffusion layer thickness. Membrane: Kp is the partition coefficient of M between the organic and the source phase; DMC is the diffusion coefficient of the metal-carrier complex MC; l is the membrane thickness. Strip solution: st is the strip solution diffusion layer thickness, and S is the ligand present in this solution.

Under steady-state conditions, i.e. when linear concentration gradients are established in the different phases and ligand excess condition in phases with complexes is obeyed, the total permeability (Pt) of the PLM system is given by
:
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where 
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 is 5.2(10-8 cm2 s-1 for the chemical system used in the present work
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Equation 
(III.2.36)

 shows that the total resistance (i.e., the inverse of the total permeability) can be split into the resistance of the diffusion layer in the source phase ( GOTOBUTTON ZEqnNum488693  \* MERGEFORMAT ), that of the membrane (
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If S is a strong complexing ligand, then 
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 on the other, have a similar order of magnitude, the last term of equation (III.2.36)

 can be neglected with respect to the first one, meaning that the flux of transported species in the strip phase is not rate limiting. Therefore, the total permeability can be written as:
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Usually it is assumed that so has a constant value in the case of classically stirred source solutions, even when it is known that such stirring is often irreproducible. In flow-through systems, used in this work, the hydrodynamics is well controlled. Since so is not constant along the channel it is necessary to define the effective diffusion layer thickness,
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, directly related to the effective mean permeability of the source solution, 
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 must be rewritten as:
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The performance of the PLM device can be checked by plotting the time dependence of the preconcentration factor, F(t). This factor can be defined as:
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where 
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 is the metal concentration in the strip solution at time t, and 
[image: image365.wmf],

so

MT

c

 is the initial analyte concentration in the source solution.

The experimental mean permeability can be deduced from the slope of the preconcentration factor curves through the following relationship:
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where Vst is the volume of the strip solution, and A is the active surface area of the membrane.

III.2.2.3.1. Diffusional flux in the source solution

Taking into account the specific geometry of the flow-through cell it is possible to calculate the theoretical 
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 value. 

In the PLM flow-through cell the width of the active surface area is equal to the width of the source channel, so that lateral wall effects cannot be neglected. Thus, in addition to the parabolic velocity profile developed in the y-direction, a second one must also be considered in the z-direction. Taking this into account Tomaszewski et al.42 computed the average permeability as:
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where L is the length of the source channels, d and h are the half-width and the half-height of the source channels, respectively, and vf is the volume flow rate. Equation (III.2.41)

 reverts to the expression corresponding to just one profile by changing the leading numerical factor from 1.4152 to 1.3629.

III.2.2.3.2. Diffusion layer thickness

The flux at the source/membrane interface is maximum when 
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 is minimum (is considered the plane (x,z) since in the particular case of our PLM flow-through cell, a parabolic velocity profile in the y- and z-direction is developed43). The main portion of the metal transport takes place near the entrance of the channel and in the central part of the width of the channel, i.e. where 
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 has the lowest values. The effective diffusion layer thickness included in equation (III.2.38)

 is directly related to the mean flux by:
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III.2.3. Speciation with PLM flow-through cell

A lability parameter, 
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, can be computed theoretically from the general dynamic equation 
(II.2.42)

. As was explained in Chapter II, when  GOTOBUTTON ZEqnNum471059  \* MERGEFORMAT  (equation 
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) the complex is labile and it is non-labile if  GOTOBUTTON ZEqnNum609803  \* MERGEFORMAT  (equation 48(II.2.45)

). In the first case, dissociation of the complex influences the overall flux whereas the flux is proportional to the free metal ion concentration in the latter case GOTOBUTTON ZEqnNum412169  \* MERGEFORMAT .

Under ligand excess conditions and when M is complexed in the source solution the total permeability is modified as follows48,
:

for inert complexes: 
[image: image375.wmf]1

so

so

m

MMCD

t

l

DDK

P

d

a

æö

=+

ç÷

èø

   



         MACROBUTTON MTPlaceRef \* MERGEFORMAT (III.2.43)

for labile complexes: 
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where KD is 
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 is the effective thickness of the diffusion layer in the presence of complex ML given by:


[image: image379.wmf](

)

(

)

13

132313

,

13

1

1.4152

so

soML

f

dhLD

v

d

=






         MACROBUTTON MTPlaceRef \* MERGEFORMAT (III.2.45)
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 is the mean diffusion coefficient of metal species in the source solution given by equation 
(II.1.18)

, and  GOTOBUTTON ZEqnNum582182  \* MERGEFORMAT  is the degree of complexation of M defined by:
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where 
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 is the concentration of the free metal ion in the bulk source solution.

If the value of 
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 set by a large flow rate is sufficiently small for the metal complex to be fully inert, then the response of the system should be identical to equation 
(III.2.43)

. For a value of  GOTOBUTTON ZEqnNum116252  \* MERGEFORMAT  sufficiently large, the metal complex will be fully labile and the response of the system should be identical to equation (III.2.44)

.

The ratio of permeabilities in the absence, 
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, of the ligand also gives a good qualitative representation of the metal complex behaviour42. In the case of a fully inert complex, the permeability ratio obtained from equations 
(III.2.38)

 is equal to (III.2.43)

 and  GOTOBUTTON ZEqnNum116252  \* MERGEFORMAT  so that the slope should be equal to unity.

III.3. Donnan membrane technique (DMT)

The so-called Donnan Membrane Technique (DMT), based on the research of Lampert
 and Fitch and Helmke
, has recently been developed by Temminghoff et al.
 and Weng et al.
. Simultaneous measurement of several elements and minimization of the substrate disturbance are the main advantages of this technique
. 

The DMT is based on the use of a donor solution that contains the free metal ions and their complexes, and an acceptor solution, in which the initial composition can be selected, with electrolyte solution which has approximately the same salt level as the donor solution. A negatively charged semipermeable cation exchange membrane that is completely deprotonated above pH 2 separates the two sides. This membrane, which at the start of the procedure is normally in equilibrium with the chosen salt solution used in the acceptor solution, will promote the rate of equilibration between the cations on each side of the membrane, whereas it strongly restricts the rate of transport of the anionic species. If the salt concentrations of the donor and acceptor solutions are equal, they will result in equal concentrations of the free metal ions on both sides of the membrane. The equilibrium that is reached is called Donnan equilibrium. Recently, a kinetic interpretation of the ion transport considering a steady-state flux-based mode was developed 
. If equilibrium is attained then free ion concentration in the sample can be derived from the free ion concentration in the acceptor based on the Donnan membrane equilibrium principle
,
: the activity ratios (corrected for charge) of the ions in solution on the two sides of the membrane are equal:
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where ai,donor and ai,acc are the activities of the cations i in the donor and acceptor solutions, respectively, and zi is its charge, and aj,donor, aj,acc and zj are the analogous quantities for cation j. 

Assuming that cation j does (almost) not form complexes with ligands the total concentration of cation j is similar to the free cation concentration. Potassium and sodium are examples of cations with a very low affinity for complex formation with the more common organic ligands, and can be used to correct the measured concentration in the acceptor solution to the free concentration as present in the donor solution58. However, to apply this approach, it is necessary that the condition of (pseudo) Donnan membrane equilibrium be obeyed, and, consequently, the time needed to reach the equilibrium is an important issue. This time can be changed by the addition of some ligand to the acceptor solution, leading to a kinetic interpretation of the ion transport.

In the next sections the membrane characteristics, the background electrolyte influence, the transport of ions through the system, and the influence of ligand addition will be described.

III.3.1. Membrane characteristics

The cation exchange membrane used (55165 2U, BDH Laboratory Supplies) has a matrix of polystyrene and divinylbenzene with sulfonic acid groups, which are fully deprotonated at pH > 2. Positively charged cations can be transported over the membrane, while transport of negatively charged ions and neutral complexes is limited. The basic parameters of the membrane are listed in Table III.2.

Table III.2 – Parameters of the cation exchange membrane (55165 2U, BDH).

	Weight density

/ kg.m-2
	Charge density

/ mol.kg-1
	Thickness 

(m) 

/ m
	Surface area of

 the membrane 

(Am)      / m2
	Volume of

 a membrane

 (Vm)      / L

	0.14
	-0.8
	1.6(10-4
	7.0(10-4
	1.12(10-4


The structure of this membrane will lead to a reduction of the surface area available to diffusion, due to an irregular-shape of the nanosized pores and a tight matrix around these pores, and, consequently, the diffusion of water and ions are probably not possible61. As a result, this membrane can be considered as a Donnan phase61, i.e., a phase with immobile charge in the matrix and placed in electrolyte solution, and where all the charge carried by the membrane material is homogeneously distributed. The overlapping double layers in the narrow pores will lead to a Donnan potential () that depends on the charge density of the membrane (q), the Donnan volume (VDonnan), and the salt level. The volume of the Donnan phase results from the product of the effective surface area (Ae) with the membrane thickness (m). Weng et al.61 calibrated both parameters Ae and VDonnan: both are equal to 20% of their original values, i.e., Am and Vm.

III.3.2. Background electrolyte

The salt concentration in the system influences the amount of cations that are bound by the membrane. Therefore, the background electrolyte is an important issue in these types of experiments.

The background electrolyte used in almost all experiments found in literature was Ca(NO3)2, despite the fact that calcium ions compete with metal ions for the binding sites of organic matter, which can be a problem. On the other hand it was observed
 that the negatively charged membrane prefers to bind positively charged divalent ions to monovalent ions, and when the background electrolyte contains calcium ions they act as a competitor, reducing the metal ions binding to the membrane. Therefore, the use of this background electrolyte guarantees sufficient metal transport rate across the membrane, and makes the system more complex, since calcium ions will affect the metal binding by organic matter, which approaches the natural conditions. 

III.3.3. Transport of ions through the system

To understand the transport of ions through the cation exchange membrane in the DMT analysis it is assumed that61: 

i. the transport of the trace metal ions will not influence the electrostatic neutrality and the electrostatic potential of the membrane, since the concentration of the trace metal ions of interest is much smaller than the total concentration of ions in the background electrolyte solution;

ii. the concentration of the major ions is the same in donor and acceptor solutions, resulting in the absence of a concentration gradient of the major ions and of an electrostatic potential gradient in the membrane;

iii. the adsorption of ions in the membrane is controlled only by electrostatic force. The interface equilibrium is maintained between the membrane and the solution film adhering to it (i.e., there is no interfacial resistance to diffusion);

iv. the local equilibrium assumption is used because the chemical equilibrium in the system being achieved is much faster than the transport.

The schematic representation of the ions transport through the membrane in the DMT is given in Figure III.4 where five zones are indicated: bulk solution on the donor side, diffusion layer at the donor-membrane interface, the cation exchange membrane, diffusion layer at the acceptor-membrane interface, and the bulk solution at the acceptor side. There is no concentration gradient in the bulk solution of both the donor and acceptor parts due to mixing of the solution by using a pumping system for continuous recirculation.
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Figure III.4 – Schematic representation of the transport of ions through the membrane in the DMT.

III.3.3.1. Ion transport in solution
The solution on both sides of the membrane is mixed by convection, which results in the absence of concentration gradient in the bulk solution. The diffusion of ions in the diffusion layer will control their transport between the solution and membrane. 

The ion diffusion in solution can be calculated using Fick’s second law
:
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where Di is the diffusion coefficient of the free ion (assuming that the diffusion coefficients of all the species of ion i are the same), ci is the free concentration of ion i, and  is the thickness of diffusion layer.

III.3.3.2. Ion transport in the membrane

The negative electrostatic potential that is present in the membrane can provoke an accumulation of ions in the Donnan phase. Using the Boltzmann equation the concentration of ions in the Donnan phase of the membrane can be calculated61:
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where 
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 is the concentration of ion i in the membrane.

In the Donnan phase of the membrane, the charge carried by the membrane sites (q) will be neutralized by the charge of the ions in the membrane.

Assuming that assumption ii) is valid, there will be no electrostatic potential gradient in the membrane. The Donnan potential present in the membrane is extended outside the membrane in a so-called diffuse double layer. This is a thin layer in which the potential decreases to the zero potential in the free solution. The thickness of the diffuse double layer is very thin (a few nanometers), and consequently, when this double layer is compared with the thickness of the membrane (0.16 mm), the electrostatic potential in the membrane can be treated as a block function and the thickness of the electrostatic diffuse layer outside the membrane can be ignored: outside the membrane, = 0; inside the membrane  = Donnan.

Thus, if there is no electrostatic potential gradient in the membrane the diffusion of ions is driven by their concentration gradients in the Donnan phase. The diffusion in the membrane can be calculated with Fick’s second law65:
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The interaction of the ions with the functional groups on the walls of the pores, the heterogeneity of the charge distribution, and the pores irregularity can affect the ion diffusion in membrane, resulting in a smaller apparent diffusion coefficient in the membrane (
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) than that in the solution (Di). All effects on the diffusion coefficient due to the presence of the membrane are linked into a tortuosity factor i that relates 
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Weng et al.61 found a value of 40 for the tortuosity factor, (
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III.3.4. Ligand addition to the acceptor solution: kinetic interpretation

Addition of ion complexing ligands to the acceptor solution in order to form complexes with the metal ion of interest can increase the total metal ion concentration in this solution and lower the detection limit of the DMT. The free metal ion concentration in the acceptor can be calculated if the chosen ligand and the complexation constants are known, using the total metal ion concentration in the acceptor measured at a certain time interval and using the approximate analytical solutions developed by Weng et al.61. When diffusion in the membrane is the rate-limiting step, the ratio of total to free concentration of ion i, Pi, in the acceptor solution remain constant (linear complexation). The free metal ion concentration in the donor can be calculated from the total metal ion concentration in the acceptor measured at time t:
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To be able to use equation (III.3.53)

, Pi in the acceptor has to be known and be almost constant.

If the free metal ion concentration in the acceptor is much smaller than the free metal ion concentration in the donor, i.e. 
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, which can happen when it is far from the Donnan membrane equilibrium, the metal ion flux is linearly related to the free metal ion concentration in the donor:
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The total concentration of ion i in the acceptor solution at time t, ci,acc,t, is determined using the known ligand complexation constants and the NICA-Donnan model
-




 (NICA = non ideal competitive adsorption model) integrated in the geochemical code ECOSAT (equilibrium calculation of speciation and transport)
. In a continuous complexation model interactions between trace metals and natural organic matter is assumed that the binding of metal ions occur through specific interactions between cations and the organic matter functional groups, and by non-specific binding to the residual negative charge66. The Donnan model is a permeable model that describes the non-specific binding between the metal and the humic substances, considering that the molecules in solution are open structures, like a gel, with fixed charges due to the dissociation of their functional groups. These fixed charges are compensated by salt ions within the gel phase. The parameters of this model (charge) are adjusted with acid-base titrations at different ionic strengths. 

The NICA model describes the specific binding between the metal ions and the sites of the ligands, which is always of competitive nature since protons are present. This model is based on a continuous distribution of heterogeneous ligands, in which the total non-ideality is distributed in an intrinsic heterogeneity contribution (a humic substance property), and in an ion-specific non-ideality contribution. Therefore, the polyelectrolytic nature of the ion adsorption to the humic substances is taken into account by the non-ideality parameters in a generic way. This model can also take into account the ionic strength effects on both proton and metal binding. The methodology to obtain the proton and metal binding parameters for the ligand is described and discussed in detail by Benedetti et al.
. Proton and metal binding properties are often studied after chemical fractionation and extraction of their humic and fulvic fractions. For humic and fulvic acids, the model is based on a bimodal quasi-Gaussian intrinsic affinity distribution for all ions with monodentate binding. The basic NICA equation for the overall binding of species i in the competitive situation is given by:
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where 
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 is the fraction of all of the sites occupied by species i, 
[image: image404.wmf]±

i

K

 is the median value of the affinity distribution for species i, p is the width of the distribution, ni is the non-ideality parameter of species i, and ci,D is the concentration in the Donnan phase. The amount of component i bound, Qi, has been given by:
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where Qmax is the maximum binding capacity for protons. The total amount of the bound metal measured experimentally (
[image: image406.wmf],
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) corresponds to the sum of the specifically bound metal ion and the amount of metal ion bound in the Donnan phase and is:
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where ci is the concentration of the metal ion in the bulk solution.

III.4. Ion selective electrode (ISE)

The ion selective electrode can directly and selectively quantify the free metal ion concentration in solution, and clearly discriminates this concentration against the metal ions that are binding in a complex or adsorbed in particles or colloids. 

The ion selective electrodes have an active membrane that usually contains the ion of interest selectively bound to a reagent in the membrane either as a precipitate or a complex. When the ISE is immersed in a solution containing the test ion a boundary potential is established between the membrane interface and the solution. The potential is measured against a constant and a well-known reference potential, being the magnitude of this potential specifically dependent from the free metal ion concentration in the bulk solution, 
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where S represents the slope (theoretically 
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), and k is a constant dependent on the nature of the internal reference electrode, the filling solution, and the construction of the membrane. 

The detection limit of these electrodes is typically on the order of 10-5 to 10-6 M 
-

. ISEs are not sufficiently sensible and selective to measure the metal ions that are found in typical extreme low concentrations in natural waters, which represent a disadvantage. They have, nevertheless, been largely employed in metal speciation studies. 

III.5. Auxiliary techniques

Some of the speciation techniques described above, like SSCP, PLM and DMT, require the use of auxiliary techniques to quantify metal ions or determine the diffusion coefficients of ligands in solution.

The diffusion coefficient value of the ligand present in the system is a parameter that is necessary to know to perform the metal speciation calculations using stripping voltammetric techniques or PLM technique. Fluorescence correlation spectrometry (FCS) can be used to obtain this parameter. A brief description of this technique is given.

 In thin layer permeation techniques, like PLM or DMT, it is necessary to couple a sensitive detector to quantify the total metal ion concentration in solution. A brief description is provided for graphite furnace atomic absorption spectrometry, GF-AAS, and for the inductively coupled plasma atomic mission spectrometry, ICP-AES, and inductively coupled plasma mass spectrometry, ICP-MS.

III.5.1. Fluorescence correlation spectrometry

FCS technique has become an important and widely used technique for many applications in physics, chemistry and biology. However, the parameter most frequently determined by FCS is the diffusion coefficient of molecules in solution. 

The FCS technique is based
-

 on the quantification of fluctuations in the intensity of emitted light from a small number of particles located in a micrometric confocal volume (0.5-1.0 m3). In the absence of chemical reactions or other dynamic processes, temporal fluctuations in the measured fluorescence intensity in the confocal volume can be attributed solely to the translational diffusion of the fluorescent species. The variations in the fluorescence intensity can be analyzed using an autocorrelation function G(t)
:
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where G(0) is the autocorrelation function at time 0, 1 is the characteristic diffusion time of the particle through the sample volume, t is the delay time, and p is the structure parameter which is the ratio between the transversal and longitudinal radius of the sample volume (
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). The values of 1 and 2 are derived from calibration of the size of the confocal volume with a standard (usually rhodamine 6G, which has a known diffusion coefficient of 2.8(10-10 m2.s-1 
). For each condition values of diffusion times for the standard and the ligand are determined from a best fit of the autocorrelation function. Diffusion coefficients, D, are subsequently calculated from measured diffusion times using:
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This technique has the advantage that it can be used to measure diffusion coefficients of fluorescent macromolecules under a wide range of solution conditions, including low concentrations (( 0.5 mg.L-1), and it directly measures diffusion times in solution, eliminating the possibility of interactions with a solid phase
.

III.5.2. Graphite furnace atomic absorption spectrometry

In graphite furnace atomic absorption spectrometry
 an electrically heated graphite tube, or cuvette, is heated up to 3000ºC to evaporate the solution and dissociate the sample into its component atoms. When light from a hollow cathode lamp (selection based on the element to be analyzed) passes through the cloud of atoms, the atoms of interest absorb the light from the lamp. This is measured by a detector, and used to calculate the concentration of that element in the original sample. The higher the atom density and the longer the residence time in the tube improves furnace AAS detection limits by a factor of up to 1000( compared to flame AAS (sub-ppm range), down to the sub-ppb range. However, because of the temperature limitation and the use of graphite cuvettes, refractory element performance is still somewhat limited.

III.5.3. Inductively coupled plasma atomic mission spectrometry

An inductively coupled plasma atomic mission spectrometry83, ICP-AES, often simply referred as ICP, is a multi-element analysis technique that uses an inductively coupled plasma source to dissociate the sample into its constituent atoms or ions, exciting them to a level where they emit light of a characteristic wavelength. A detector measures the intensity of the emitted light, and calculates the concentration of that particular element in the sample. When undergoing ICP analysis, the samples experience temperatures as high as 10.000 ºC, where even the most refractory elements are atomized with high efficiency. As a result, detection limits for these elements can be orders of magnitude lower with ICP than with atomic absorption spectrometry techniques, typically at the 1(10-6 to 1(10-5 g.L-1 level. 

III.5.4. Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry83 differs from ICP-AES in the detection technique. In this case contrary to ICP-AES, it is the ions themselves that are detected, rather than the light they emit. The ions are extracted from the central channel of the plasma and pass into the mass spectrometer, where they are separated based on their atomic mass-to-charge ratio by a quadruple or magnetic sector analyzer. The high number of ions produced, combined with very low backgrounds, provides the best detection limits available for most elements, normally in the 1(10-9 g.L-1 range.

Chapter IV

Materials and Methods

IV.1. Model substances and humic substances

IV.1.1. Latex nanospheres

These are hard monodisperse spheres with a high density of surface carboxylate groups. Three samples of carboxylated latex nanospheres (P(S/V-COOH)) were obtained from Bangs Labs (Fishers, IN, USA): a = 15 nm, cL,T = 0.65(10-4 mol COOH per gram; a = 35 nm, cL,T = 1.68(10-4 mol COOH per gram and a = 65 nm, cL,T = 1.60(10-4 mol COOH per gram. These nanospheres were cleaned by a mixed bed resin method in order to eliminate surfactant 
. 

Another three samples were obtained from Ikerlat Polymers (Spain): a = 40.0 nm, cL,T = 5.2(10-5 mol COOH per gram; a = 60.5 nm, cL,T = 5.1(10-5 mol COOH per gram; and a = 129 nm, cL,T = 5.9(10-5 mol COOH per gram. The manufacturer also provided a conductimetric and potentiometric characterization of each sample. The provider cleaned these samples. 

The latex particle density is 1.06(103 kg.m-3 and the maximum surface ligand concentration for the 15 nm radius particles is 3.5(10-7 mol.m-2, for the 35 nm is 2.1(10-6 mol.m-2, for the 40 nm is 7.3(10-7 mol.m-2, for the 60.5 nm is 1.1(10-6 mol.m-2, for the 65 nm is 3.7(10-6 mol.m-2, and for the 129 nm is 2.7(10-6 mol.m-2. Due to the low concentration of the dispersions used (0.01% to 0.4% (w/w)) the expected maximum change of viscosity is in the order of 0.3%
.

The diffusion coefficient values of these latex nanoparticles were obtained with dynamic light scattering (DLS)
. 

IV.1.2. Nanoparticles with a radius between 5 and 10 nm

Silver nanoparticles covered with 11-mercapto-undecanoic acid (11-MUA) and gold nanoparticles covered with polyvinylpyrrolidone (PVP) were obtained from ITODYS, Université Paris VII Denis Diderot, France. Au and Ag nanoparticles were synthesized in aqueous solution. The procedure involved addition of HAuCl4 and AgNO3 salts to 20 mL of distilled water, to reach a final concentration of 10-4 M. To control particle size and shape, 11-MUA and PVP were added to aqueous solutions of Au and Ag salts to attain final concentrations between 10-4 and 10-2 M. Finally, under vigorous stirring at room temperature 600 (L of 0.1 M NaBH4 was added to the solutions. Formation of the Au colloids turned the solution from yellow to purple while the presence of Ag colloids caused a color change from transparent to orange. The diffusion coefficient values of these latex nanoparticles were obtained with transmission electron microscopy (TEM)
. 

IV.1.3 Humic substances

Two humic matter samples, a fulvic (FAHf ) and a humic acid (HAHf), were extracted from a Galician soil (ombrotrophic peat bog, Sierra de Buio) in the NW of Spain following IHSS (International humic substances society) recommendations
. The elemental compositions of the samples were: FAHf (52.79 % C, 0.65 % N, 41.90 % O and 4.66 % H) and HAHf (57.73 % C, 1.60 % N, 36.55 % O and 4.48 % H), which are typical values for these types of substances
. The molar weight of these samples is 2075.28 and 3000.66 g.mol-1 for the fulvic and humic acid, respectively6. Both samples have been extensively characterized either by spectroscopy (UV-VIS, IR, 13C NMR)
 and/or potentiometry (pH, Cu ISE, Pb ISE, Cd ISE)
,
.

The NOM fractions of the Loire River were sampled upstream from the first nuclear power plant located in Belleville sur Loire in March 2001 (Total organic carbon (TOC) = 3.10 mg.L-1), and were isolated using the isolation protocol described by Leenheer et al.
 (Figure IV.1). Two fractions were isolated and used in this work: the hydrophobic or HPO NOM (i.e. humic substances) and the transphilic or TPI NOM (Table IV.1). 

The Laurentian Fulvic Acid (LFA) was obtained from C. H. Langford, and physicochemical characterization of the sample has been reported elsewhere
 (Table IV.1).

Table IV.1 – Elemental composition (% mass) and atomic ratios of the natural organic matter fractions: HPO, TPI and LFA.  (n.d. = not determined)

	
	C %
	H %
	N %
	O %
	S %
	Ashes %
	C/H
	C/O
	C/N

	HPO
	51.77
	5.14
	1.85
	38.96
	0.52
	2.15
	0.84
	1.77
	32.64

	TPI
	47.38
	4.95
	3.72
	38.82
	1.05
	3.00
	0.80
	1.63
	14.85

	LFA
	45.1
	4.1
	1.1
	49.7
	n.d.
	n.d.
	0.91
	1.2
	47.83
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Figure IV.1 – Schematic representation of the extraction sequence of the fractions from the Loire River natural organic matter.

IV.2. Voltammetric and potentiometric experiments

All voltammetric experiments were done using the same reagents and apparatus described below. 

The titrations of metal-NOM fractions of Loire River, and LFA were performed using the stripping chronopotentiometry (SCP) technique, reverse pulse polarography (RPP), and ion selective electrode potentiometry (ISE), following the methodologies described below. 

All titrations of metal-carboxylated latex nanospheres and metal-humic substances extracted from a Galician soil were performed with scanned stripping chronopotentiometry (SSCP), following the methodology described below.

IV.2.1. Reagents and equipment 

All solutions were prepared in Type II ultrapure water from a Millipore Simplicity 5 unit. Lead and copper nitrate solutions were prepared from a dilution of lead and copper standard solutions from Merck (1000 mg/L), and sodium nitrate was prepared from suprapur NaNO3 also from Merck. Stock solutions of MES (2-(N-morpholino) ethanesulfonic acid) and MOPS (3-(N-morpholino)-propanesulfonic acid) buffers were prepared from the solids (Fluka, Microselect, >99.5%). Solutions prepared from nitric acid (Merck, suprapur) and sodium hydroxide (solid NaOH from Riedel-de Haën) were used to adjust the pH. 

The voltammetric experiments were performed using an Ecochemie Autolab PGSTAT12 potentiostat in conjunction with a Metrohm 663VA stand and a personal computer using the GPES 4.9 software (Eco Chemie). The electrometer input impedance of this instrument is larger than 100 G(. The electrodes were a static drop mercury electrode (working electrode, radius of the mercury electrode is 1.78(10-4 m), and a glassy carbon tube (counter electrode). As reference electrode an Ag/AgCl electrode was used with a 0.1M NaNO3 salt bridge in the metal-NOM fractions of Loire River titrations, and a saturated calomel electrode encased in a 0.1M NaNO3 salt bridge in the metal-carboxylated latex nanospheres and humic substances titrations.

The ISE experiments were made with a lead and copper combination electrodes from Phoenix Electrode Co.

 The measurements were performed in home made 100 mL polystyrene (PS) or 10 mL polymethylmetacrilate (PMMA) cells in the case of the study of metal speciation with the NOM extracted from the Loire River, and with LFA.

The remaining experiments were made in a glass cell from Metrohm. A thermostatization unit Lauda E100 was used to control the temperature (25ºC).

IV.2.2. Methodology

IV.2.2.1. Titrations of metal-NOM fractions of Loire River and LFA 

All the titrations consisted in the addition of aliquots of lead nitrate or copper nitrate to a fixed amount of ligand, in the range 4-5(10-5 kg.L-1 (HPO, TPI or LFA). The total metal concentration ranges were 3(10-8 – 3(10-6 M for SCP experiments and 6.10-7–6.10-6 M for RPP and ISE experiments. For all techniques calibrations were performed in the same concentration range as the titrations and their linearity was verified. The experimental conditions used were: pH 2.0±0.1 (for total metal determination), pH 5.0±0.1, and ionic strength 0.02M (unless otherwise stated). The pH was constantly monitored and adjusted when necessary. The samples were initially degassed for 20 minutes using nitrogen 99.99% pure, and then kept under pressure for the duration of the experiment. RPP experimental conditions were: tpulse = 0.05 s, tinterval = 1 s, potential range –0.6 V to –0.2 V. SCP experimental conditions were: tdep = 45 s, Edep = -0.8V, stirring rate = 1500 rpm, istripping = 5.10-10A, potential range –0.8V to –0.2V.

IV.2.2.2. Metal speciation using SSCP
An oxidizing current, Is, of 1(10-9A was applied in a quiescent solution until the potential reached a value which was well past the transition plateau. The Is values used correspond to conditions approaching complete depletion (I( constant). The SSCP waves were constructed from a series of measurements made over a range of deposition potentials, Ed. The potential was held at Ed for the duration of the deposition time, td, after which the oxidizing current was applied until a value that passed the deposition plateau was reached (0.15 V for Cu, -0.15 V for Pb, and -0.40 V for Cd). The raw signal is the variation of potential with time, which is automatically converted to the dt/dE vs. E format, being the area under the peak the transition time.

 Each experiment consists of a calibration plot in which the SSCP curve is measured for a certain metal ion concentration, with concentrations being between 2.0(10-7   and 8.0(10-7 M and low pH (< 4) in order to avoid losses to the cell walls. The sample is added to the solution together with the buffer (MES or MOPS) after the calibration. The pH is set to the intended value using NaOH or HNO3 and the SSCP curve is measured. For each calibration the general procedure is to perform a measurement for a certain amount of sample at three or four different pH values, although in some experiments we used the same pH and varied the ligand concentration.

The systems studied with SSCP were:
· Latex nanospheres: SSCP experiments were performed using latex concentrations between 0.1% and 0.4% (w/w) nanospheres dispersion. Experiments were usually performed between pH 6 and 8 using a MOPS buffer for Cd(II), and between pH 4.5 and 6.5 for Pb(II) and Cu(II) using a MES buffer. All experiments were performed at ionic strength 0.01M.

· Humic matter
: SSCP experiments were performed using humic or fulvic acids extracted from a Galician soil with concentration 5 mg/L. Experiments were performed between pH 5.5 and 6.5 for Cd(II) using a MOPS buffer, pH 5.0 and 6.0 for Pb(II) using a MES buffer at ionic strengths of 0.01 and 0.1 M, and pH 4.5 and 5.5 for Cu(II) using a MES buffer at ionic strength 0.1 M.

IV.3. Permeable liquid membrane experiments

Two studies were performed using the permeable liquid membrane technique (PLM): reproducibility/capacity studies, and metal speciation of the systems of interest. The first one was made to check the cell performance, and the second one was performed to study the metal speciation in systems with latex nanospheres and humic acid extracted from a Galician soil. The reagents and equipment used to perform these two studies were the same, and only the methodology used to attain the main objectives of the two studies was different.

IV.3.1. Reagents and equipment

All solutions were prepared in Type II ultrapure water from a Millipore Simplicity 5 unit. The reagents used in PLM experiments were: toluene p.a. from Merck; phenylhexane p.a. from Riedel-de Haën; 4,13-Didecyl-1,7,10,16-tetraoxa-4,13-diazacyclooctadecan (Kryptofix 22DD) p.a. from Merck; lauric acid (LA) p.a. from Sigma Chemical CO; (2-[N-Morpholino]ethanesulfonic acid) hydrate (MES buffer), p.a. from Fluka, microselect, >99.5%; trans-1,2-diaminocyclohexane-N, N, N’, N’-tetraacetic acid monohydrate (CDTA) p.a. from Fluka Chemica; lead and copper nitrate standard solutions from Merck (1000 mg/L), sodium nitrate suprapur from Merck; nitric acid suprapur from Merck; and sodium hydroxide from Riedel-de Haën.
To perform the PLM experiments a rectangular cell with two compartments in Perspex (Figure IV.2) was used, a hydrophobic polypropylene membrane Celgard 2500, and a peristaltic pump from Gilson, Minipuls 3 with four channels, 0.01 - 48 rpm, used with Tygon tube, 0.89 mm ID, from Cole-Parmer Instrument Company.

Experiments performed with PLM technique were made in two different places: Department of Chemistry and Biochemistry of University of Algarve, Portugal, and Laboratoire de Géochimie et Métallogénie, CNRS, Université Pierre et Marie Currie, France. Consequently, two different apparatus for the analysis of metal ion concentration in the source and strip solutions were used; graphite atomic absorption spectrophotometer, Unicam 989 QZ AASpectrometer and Unicam GF90 plus furnace from Solaar Zeeman (France), and graphite furnace atomic absorption spectrometry with a GBC GF3000 (Portugal). In both places the lead and copper hollow cathode lamps were from Photron.
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Figure IV.2 – Schematics of the multichannel flow-through PLM cell.
IV.3.2. PLM cell preparation
The membrane was placed in a PPMA support and impregnated with the carrier solution, 1/1 (V/V) mixture of toluene / phenylhexane containing 0.1 M Kryptofix 22DD and 0.1 M lauric acid, until it became transparent and then it was thoroughly rinsed with water to remove the excess solvent.

The membrane was placed between the two cell compartments, which were then clamped together with twelve screws. The strip channel was filled with the strip solution and left stagnant for the whole preconcentration step. During this step the source solution was circulated (in a recycling mode) through the four source channels at the desired flow rate by means of a peristaltic pump. Between the preconcentration steps, the strip channel was filled with a fresh strip solution and left stagnant for 5 min, while water was circulating through the source channels. The cleaning step is necessary in order to avoid any carryover effect. After the experiment, the cell was rinsed with nitric acid 1:5 and water. To make sure that no acid residues were left in the cell, water flowed through the cell for three hours.

IV.3.3. Methodology
The first step is the preparation of the source solution including the desired concentration of metal (lead or copper), 10-2 M MES buffer, 0.01 M NaNO3. The pH of the resulting solution was adjusted to the wanted pH with NaOH and/or HNO3. The second step is the preparation of strip solution that consisted of 6(10-4 M CDTA at pH 6.4 + 0.1 and 0.01 M NaNO3.

All samples were placed in sealed plastic tubes. The source samples were acidified with 100 L suprapur nitric acid, to prevent the metal hydrolysis and the adsorption to the recipient walls. The plastic tubes that were used to put the strip solutions in were weighted before and after sample collection in order to calculate the exact strip volume taken from the channel. The strip blank was drawn directly from the stock strip solution.

IV.3.3.1. Reproducibility/capacity studies
These were done using a source solution flow rate of 0.04 cm3.s-1. The metal concentration was kept constant and the preconcentration time was changed (10, 15, 20 and 25 min) to study the system reproducibility. Several replicates of the last preconcentration time were performed to study the membrane capacity.
These studies were made for two metals, lead (1(10-5 M) and copper (5(10-5 M), at two pH values, 6.2 and 5.5.

IV.3.3.2. Metal speciation using PLM
These experiments consisted of a calibration and a titration. The calibration was done with three points, each with different metal concentrations (from 8.0(10-8 to 3.0(10-7 M). The titration was performed after the addition of the ligand in study to the source solution, and consisted of five additions of metal aliquots (from 3.0(10-7 to 1.0(10-6 M), at pH values between 5.4 and 6.2. Each sample was collected after a preconcentration time of 20 min.  The source solution was circulated through the four source channels at the desired flow rate (0.04 cm3.s-1). 

The systems studied with PLM were:
· Latex nanospheres: PLM experiments were performed using latex nanospheres with radius 15, 35, 40 and 65 nm, and concentrations between 0.01 and 0.1% (w/w) nanospheres dispersion. Experiments were performed with Pb(II) and Cu(II).

· Humic matter: PLM experiments were performed using the humic acid extracted from a Galician soil with a concentration of 5 mg/L. Experiments were performed with Pb(II) and Cu(II).

IV.4. Donnan membrane technique experiments

The metal speciation in the systems with humic acid extracted from a Galician soil was performed using the Donnan membrane technique, DMT. The reagents and equipment, and the methodology used to perform this study are described below. 

IV.4.1. Reagents and equipment

All solutions were prepared in Type II ultrapure water from a Millipore Simplicity 5 unit. Lead and copper nitrate solutions were prepared from the p.a. solids from Merck, sodium nitrate was prepared from suprapur NaNO3 from Merck, potassium nitrate and calcium nitrate were prepared from solids p.a. also from Merck. Solutions prepared from nitric acid (Merck, suprapur) and sodium hydroxide (solid NaOH from Riedel-de Haën) were used to adjust the pH. 

To perform the DMT experiments cylindrical cells made in Perspex were used each with an inlet and an outlet flow
, and a negatively charged membrane (BDH, Nº 55165 2U) held by two o-rings (Figure IV.3). The membrane has a matrix of polystyrene/divinylbenzene, with sulphonic acid groups, which are fully deprotonated above pH 2. The donor and the acceptor solutions were circulated constantly by pumping with a peristaltic pump Gilson Minipuls 3 with eight channels, used with Tygon tube, 2.06 mm ID, from SKALAR.

The concentrations of the major cations were measured by inductively coupled plasma atomic emission (ICP-AES, Eppendorf Elex 6361), and the concentrations of the trace cations were measured by ICP-MS (Perkin-Elmer, Elan 6000).
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Figure IV.3 – Schematic picture of the DMT setup.

IV.4.2. DMT cell preparation

The system was cleaned before use by rinsing the cells, bottles, test tubes and pump tubes with 0.1 M HNO3 and ultrapure water. 

The membranes were cleaned separately in a similar way. They were shaken several times successively with 0.1 M HNO3, 1 M Ca(NO3)2, and the background electrolyte solution at the concentration that was going to be used in the experiments (3.3(10-3 M Ca(NO3)2). During washing, pH was measured in order to ensure good equilibration (no further proton release, pH ~ 5) with the calcium solution.

The total volume of the acceptor was 15 mL whereas for the donor the volume used was 500 mL. A large donor volume was used to verify that metal accumulation by the membrane is very small as compared to the total metal concentration in the donor solution, and to guarantee that changes in the metal concentration would be negligible.

IV.4.3. Methodology: metal speciation using DMT

The background solution in both the donor and acceptor solutions was 3.3(10-3 M Ca(NO3)2. The donor solution consisted of 3(10-7 M of the metal studied, 1(10-4 M KNO3 and the ligand in interest. The addition of potassium nitrate to the donor solution in the Donnan membrane analysis is due to the fact that potassium is naturally present in natural organic samples and forms very weak complexes with most ligands in natural organic solutions. The systems were studied at three pH values, 5.0, 5.5 and 6.0. Each pH value was studied for three days, after the third day the donor pH was changed for a new one. 

To lower the detection limit of the DMT was added to the acceptor solution 30 mg/L of a very well studied humic acid
 (humic acid from the Tongbersven). The pH in the acceptor solution was adjusted to 5.7.

The acceptor solutions were sampled at 24, 48 and 72 h, and the solutions were refilled with the original blank acceptor solution. The donor solutions were sampled before the start of the experiments and on the third day (72h) of each studied donor pH.

The systems studied with DMT were:

· Humic matter: DMT experiments were performed using a humic acid extracted from a Galician soil with concentration 5 mg/L. Experiments were performed with Pb(II) and Cu(II).

IV.5. Fluorescence correlation spectrometry experiments

The humic and fulvic acids extracted from a Galician soil were analyzed with the fluorescence correlation spectrometry, FCS, in order to achieve their diffusion coefficient values.

IV.5.1. Reagents and equipment

In FCS experiments the system was calibrated with rhodamine 6G (R6G from ACRŌS Organics). A solution prepared from NaNO3 suprapur from Merck was used to adjust the ionic strength of the samples, and NaOH p.a. from Riedel-de Haën and HNO3 suprapur from Merck were used to adjust the pH.

The FCS experiments were carried out using a CONFOCOR from ZEISS and an argon-laser (450-514 nm 200 mV Max Output) from Laser Product.

IV.5.2. Methodology

The humic substances were prepared over a range of solution conditions: two different ionic strengths (0.01 and 0.1 M), each at five different pH values (4.5, 5.0, 5.5, 6.0 and 6.5) and concentration 10 mg/L. For each data point, fluorescence intensity fluctuations were measured over 2 minutes. Values were presented as the mean of fifteen replicates, and error bars represent standard deviations. 


Impact of Spherical Diffusion on Labile Trace Metal Speciation by Electrochemical Stripping Techniques 

In trace metal speciation studies using stripping techniques and spherical macroelectrodes it is usual to consider that linear diffusion will adequately describe the transport to a sphere, provided that the radius is large enough as compared with the diffusion layer thickness
,
. However, technological developments lead to smaller spherical electrodes, especially with the introduction of the static mercury drop electrode. We propose looking into the validity of linear diffusion approximation for stripping techniques when using commercially available static mercury drop electrode stands. A model system (lead/carboxylated latex nanospheres) was studied with stripping chronopotentiometry at scanned deposition potential in order to analyze the impact of the spherical diffusion contribution in labile trace metal speciation. 

The diffusion layer thickness, , depends on the hydrodynamic conditions of the deposition step, which is performed while stirring the solution. The diffusion layer thickness varies with the diffusion coefficient, D, according to a certain power function 
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. Two problems arise concerning this equation: conventional stirring systems may not create a well defined laminar flow around the mercury drop thus creating an uncertainty in the nature of (, the screening effect of the capillary, which may induce a larger value of ( near the capillary, hence the system behaves as if the effective surface is smaller than the geometrical one up to a factor of two
,
. Therefore the factor 
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), in stirred systems with conventional stirrers is an approximation that assumes that the mass transport proceeds essentially by laminar flow and that the screening effect of the capillary is not large. Regarding the mass transport it was shown, by comparison of unstirred and stirred techniques performed in the same cell, that in the stirring conditions of the Metrohm 663 stand used in this work, the p value is close to 2/3, indicating that the assumption of laminar flow is reasonable
. 

In the linear approximation equation 
(III.1.28)

 ( GOTOBUTTON ZEqnNum981141  \* MERGEFORMAT ) is used instead of equation 
(III.1.27)

 ( GOTOBUTTON ZEqnNum204820  \* MERGEFORMAT ) to determine the average diffusion coefficient. This value subsequently is used in equation 
(III.1.30)

 ( GOTOBUTTON ZEqnNum104140  \* MERGEFORMAT ) to obtain the stability constant. 

The impact of spherical diffusion materializes directly in the 
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 term, allowing the evaluation of the linear approximation validity in the comparison of r0 and M. Among the commercial SMDE electrode stands, the Metrohm models (like the 663VA) present the smaller drop sizes, with radii as low as 1.41×10-4 m, that will be under investigation in this work. The validity of the 
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 approximation was tested placing a microelectrode in the Metrohm stand cell. The SMDE data treated using the 
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 approximation was identical to the microelectrode results, meaning that the deviations to laminar flow and the capillary screening effect lie with the experimental error. 

The thickness of the diffusion layer depends on the hydrodynamic conditions, which are in turn, controlled by the stirring conditions. We will start with evaluating the influence of stirring and electrode size on the spherical diffusion contribution to the reduction of the metal in stripping techniques. 

The error in the determination of the stability constants steams from the different weights of the spherical diffusion in the presence and in the absence of complexing ligands. This can be seen from equation 
(III.1.27)

, noting that the electrode radius, r0, does not change with the effective diffusion coefficient ( GOTOBUTTON ZEqnNum204820  \* MERGEFORMAT ) but the thickness of the diffusion layer, (M, does. Spherical diffusion contribution to the term 
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 is not enough to generate a significant error in the stability constant unless that contribution is different in the presence and absence of complexing ligands. Therefore, after establishing the influence of the spherical diffusion in the term 
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 we have to analyze the influence of the parameters that affect the thickness of the diffusion layer in the presence of complexing ligands, i.e., the diffusion coefficient of the complex, DML, and the magnitude of the stability constant itself, K´.

V.1. Magnitude of spherical diffusion contribution
To test the influence of the mode and rate of stirring on the diffusion layer thickness, we used a 3.0×10-7 M lead solution for a given electrode radius (drop size 2, r0 = 1.78×10-4 m). To assess the influence of stirrer shape, three different stirrers were used, two of them being home-made (cylinder with a hole (A) and cylinder terminated in a spade (B)) and the third being the original cylindrical stirrer provided with the stand (C). To evaluate the influence of stirring speed six different speeds ranging from 500 to 3000 rpm were used. The thickness of the diffusion layer for the metal alone, is calculated from the equation of the limiting current (
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) using the value of 
[image: image429.wmf]*

d

I

 determined from the limiting transition time (
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) and the SCP transition time in non-complexing media, 
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. The results obtained (Table V.1) illustrate a significant difference in stirring efficiency between the cylindrical stirrer and the newly fabricated ones. For the given electrode radius the contribution of spherical diffusion to the reduction current varies from 16 to 37 % for stirrer A, whereas it varies between 39 to 66 % for stirrer C, which was provided with the stand. Stirrer B is even more efficient (spherical diffusion control as low as 14 %) but for higher stirring speeds the mercury drop was discarded. To evaluate the effect of changing electrode radius we studied the variation of the 
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 ratio with stirring speed for the three drop sizes of the Metrohm 663VA stand (drop 1: 1.41(10-4 m, drop 2: 1.78(10-4 m, and drop 3: 2.03(10-4 m) using stirrer A. 

Table V.1 – Comparison between diffusion layer thickness, M, and the radius of the electrode used here (r0 = 1.78×10-4 m). Three stirrers with different geometries were used: cylinder with hole (A), spade (B), cylinder (C).
	Stirrer
	Stirring speed /rpm
	M
/10-5 m
	M/r0

	
	500
	6.60
	0.37

	
	1000
	5.12
	0.29

	A
	1500
	4.00
	0.22

	
	2000
	3.61
	0.20

	
	2500
	3.22
	0.18

	
	3000
	2.88
	0.16

	B
	1500
	3.09
	0.17

	
	2000
	2.47
	0.14

	
	500
	11.9
	0.66

	
	1000
	9.67
	0.54

	C
	1500
	8.26
	0.46

	
	2000
	7.61
	0.43

	
	2500
	6.92
	0.39
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Figure V.1 shows that the spherical influence decreases with increasing radius, but linear diffusion 
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 << 1 was not reached even for the larger drop size and fastest stirring. The efficiency of stirring will also be dependent on the voltammetric cell shape and of the volume of solution. For other SMDE stands with larger drop radii, like the PAR 303A (small drop, r0 = 2.82×10-4 m, and medium drop, r0 =3.68×10-4 m) the spherical contribution is not as important, nevertheless it will always be dependent on the stirring efficiency.

Figure V.1 – Variation of 
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 ratio with the stirring speed. Experimental values were obtained in 3.0(10-7 M of lead ions at pH 4.0, using stirrer A and different electrode radius: (() r0= 1.41(10-4 m, (() r0= 1.78(10-4 m, (() r0= 2.03(10-4 m.

V.2. Impact of spherical diffusion contribution on trace metal speciation
The correct value of 
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 for our model complexation system (lead/carboxylated latex nanospheres) was computed from the potential shift of an independent SSCP determination using equation 
(III.1.24)

 ( GOTOBUTTON ZEqnNum896005  \* MERGEFORMAT ) and the lability is verified comparing this value with the one obtained using equation 
(III.1.30)

 with  GOTOBUTTON ZEqnNum104140  \* MERGEFORMAT  calculated using the cubic equation 
(III.1.29)

 ( GOTOBUTTON ZEqnNum286827  \* MERGEFORMAT )
. The method of calculating 
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 values relies on using the linear approximation, i.e., equation 
(III.1.29)

 with the approximated  GOTOBUTTON ZEqnNum286827  \* MERGEFORMAT  value obtained from equation 1(III.1.28)

 GOTOBUTTON ZEqnNum981141  \* MERGEFORMAT . To evaluate the impact of this approximation on trace metal speciation, we calculated the relative error between the true 
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 obtained using equations 
(III.1.30)

 (quadratic equation). We will now investigate the dependence of the relative error on the relevant parameters, , DML and (III.1.28)

 and (III.1.30)

 (cubic equation) and the approximated value which was obtained using equations (III.1.29)

 and  GOTOBUTTON ZEqnNum286827  \* MERGEFORMAT , and simulate theoretically the relative error using the true 
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 values obtained from the shift of the half-wave potential, 
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V.2.1. Dependence of the relative error on stirring efficiency

Stirring efficiency determines the absolute contribution of the spherical diffusion to the mass transport and can be measured using the diffusion layer thickness in the absence of ligand ((M). To assess the influence of stirring efficiency on the relative error, the easiest way is to apply different stirring speeds in the same solution thus assuring that the values of DML (3.80×10-12 m2.s-1) and 
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 (52) remain unaltered. 

Figure V.2 shows the experimental points and the theoretical simulation for the variation of the relative error with the (M induced only by varying the stirring speed, for the three electrode radius available in the Metrohm 663VA stand, and the theoretical simulation for the small and medium drops of the PAR 303A stand. For stirrer C the relative error obtained for the Metrohm stand is always larger than 30%, even for the largest drop size and slowest stirring. An increase in efficiency of the stirring will decrease the relative error. As expected, with the decrease of the radius of the electrode, the relative error increases and it can reach very high values for the smallest drop size and lowest stirring rate. Even for the larger drops of the PAR 303A and with efficient stirring, the error varies between 5 and 10%. Note that, even for these small values, care should be taken in the analysis, due to the systematic nature of the error. 
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Figure V.2 – Variation of relative error as a function of metal diffusion layer thickness (or stirring rate) for stirrer C. The experimental values were obtained in lead/latex nanospheres titration (a = 65 nm) at pH 6.0, ionic strength 0.01 M and with replicates: (() r0 = 1.41(10-4 m, (() r0 = 1.78(10-4 m, (() r0 = 2.03(10-4 m; the bold lines represent the fitted lines for these electrode radius used in the Metrohm stand. For a PAR 303A stand the fitted lines were made for (—) r0 = 3.68(10-4 m and (---) r0 = 2.82(10-4 m. Fitted lines were calculated using equations 
(III.1.30)

 with the parameters: DPb = 9.85×10-10 m2.s-1 
, DML= 3.80×10-12 m2.s-1, td = 90 s, Is = 1×10-9 A, (III.1.29)

 and (III.1.28)

,  GOTOBUTTON ZEqnNum981141  \* MERGEFORMAT  = 52. 
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V.2.2. Dependence of the relative error on the stability constant 
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The influence of 
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 and DML are linked through the value of 
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. In order to evaluate the dependence of the relative error on the 
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 value, a series of measurements at different pH were carried out in a lead/65 nm radius latex nanospheres dispersion, using one stirring speed to maintain the diffusion layer thickness constant. The increase of pH induces a deprotonation of the carboxylate groups at the surface of the latex particles, increasing effective 
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 value. Figure V.3 shows the influence of 
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 values on the relative error for two different diffusion layer thicknesses. The relative error increases with 
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 but this trend does not contrast linearly with the dependency on . It is clear that the lines for the different values of  are not parallel, emphasizing the non-linear dependence of the relative error on 
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. For small 
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 there is a marked decrease in error, which is due to a very small extent of binding. At higher 
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 values it is likely that the system will loose lability which invalidates equations 
(III.1.29)

. As before, the relative error is significant, allowing the immediate conclusion that the linear approximation cannot be used even for small (III.1.28)

 and  GOTOBUTTON ZEqnNum981141  \* MERGEFORMAT  values. 

The non-linear dependence of the relative error on 
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 demonstrates that this error stems from the differences on the relative weight of the spherical contribution in the absence and in presence of complexing ligands and not directly on absolute spherical contribution. A small 
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 indicates a modest binding, and we see a small error because the 
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 value is close to the value of DM thus making equation 
(III.1.28)

 (linear approximation) because the term (III.1.27)

 similar to equation  GOTOBUTTON ZEqnNum204820  \* MERGEFORMAT is close to 1. On the other hand for high 
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 values the error is large since 
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 is closer to DML and the term above becomes larger than 1.
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Figure V.3 – Variation of relative error as function of stability constant of complex, 
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. The experimental values were obtained in lead/latex nanospheres titrations (a = 65 nm) at different pH values and ionic strength 0.01 M: (() M = 4.10-5 m, (() M = 2.10-5 m. Fitted lines were calculated using equations (III.1.30)

 with the parameters: DPb = 9.85×10-10 m2.s-1, DML= 3.80×10-12 m2.s-1, td = 90 s, Is = 1×10-9 m, M = 4.10-5 m (bold line) and M = 2.10-5 m (—).
(III.1.29)

 and (III.1.28)

, 
V.2.3. Dependence of the relative error on the diffusion coefficient of the complex

We are interested in studying the colloidal range that contains particle sizes from 1 to 450 nm, i.e., a DML range from 1×10-12 to 5×10-11 m2.s-1, where the upper limit corresponds to the usual cut-off from colloidal to particulate matter. It is important that the lower limit is still sufficiently smaller than the free metal, to allow the calculation of 
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 for labile complexes using the electrochemical stripping techniques. A variation in DML has to be estimated from different experiments, thus we collected data obtained from nanospheres of two different radii (65 and 15 nm). It is important to notice that the variation of DML influences the determination of the stability constant twice: first in the determination of 
[image: image467.wmf]D

 from equation 
(III.1.27)

 and then in the determination of  GOTOBUTTON ZEqnNum204820  \* MERGEFORMAT  itself from equation 
(III.1.30)

. Figure V.4a shows the relative error in  GOTOBUTTON ZEqnNum104140  \* MERGEFORMAT  as a function of DML for different values of 
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. As expected the error decreases as the DML increases, but within the range studied the variation is only a few percent. This would suggest a small influence of DML on the relative error of 
[image: image471.wmf]'

K

 but figure V.4b shows a much larger error than expected and an increase of the error with the increase of DML. This trend originates from equation 
(III.1.30)

 given by the increasingly smaller difference between DM and DML with the increase of the later, while the relative error of  GOTOBUTTON ZEqnNum104140  \* MERGEFORMAT  remains essentially constant. This differs from the influence of 
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 on the relative error discussed before because, in that case, the difference between DM and DML is constant. The remarkable consequence is that the relative error in 
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, for the same 
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 value and stirring efficiency, is larger for the smaller particles.
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Figure V. 4 – Variation of the relative error of 
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 (a) and 
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 (b) as a function of DML. The experimental values from a titration of lead/latex nanospheres at I = 0.01 M: (() a = 65 nm at pH 5.4; (() a = 15 nm at pH 5.5; (() a = 65 nm at pH 5.7; (() a = 15 nm at pH 5.9; (() a = 65 nm at pH 6.0. Fitted lines were calculated using equations 
(III.1.30)

 with: DPb = 9.85(10-10 m2.s-1, td = 90 s, Is = 1(10-9 m, M = 4.44(10-5 m, (III.1.29)

 and (III.1.28)

,  GOTOBUTTON ZEqnNum981141  \* MERGEFORMAT  = 5.4 (—),
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 = 38.2 (---).

V.3. Conclusions

From this study we can conclude that:

i. for small drop sizes, like the ones of the Metrohm 663VA stand, the approximation of linear diffusion is generally not valid. A systematic error is introduced in the calculation of the stability constants of metal complexes when using  electrochemical stripping techniques data obtained with such electrodes;

ii. the magnitude of the systematic error increases with the decrease in stirring efficiency, the increase of DML, and the increase of the stability constants, 
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. It was demonstrated that in the usual range of those parameters the relative errors of 
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 generated by the use of the linear approximation are never smaller than 10%;

iii. in labile trace metal speciation calculations using stripping techniques at spherical electrodes the linear approximation is not applicable. The spherical contribution should always be taken into account using the equation 
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, which provides a relatively simple mathematical solution to this problem.

Chapter VI

Determination of Metal Complex Diffusion Coefficients

Two methodologies were developed during this study to determine the metal complex diffusion coefficients. One based on the use of two techniques, ion selective electrodes (ISE) and reverse pulse polarography (RPP)
, and another using only one technique, stripping chronopotentiometry at scanned deposition potential (SSCP)
. 

VI.1. Determination of metal complex diffusion coefficients using ISE and RPP

We developed an electrochemical methodology that consists on the use of two techniques at the same time and in the same electrochemical cell to simultaneously measure the free metal using an ion selective electrode (ISE) and the free plus labile metal using reverse pulse polarography (RPP). In reverse pulse polarography the applied base potential is such that all electroactive species are electrolyzed and all products are characterized by the faradaic response to the potential pulses in the inverse direction
,
. RPP was chosen because it is free of adsorption effects
,
, presents a well-defined hydrodynamic behavior and a concentration range similar to the ISE (detection limit of the order of magnitude of 10-6M total metal).

In the case of a labile complex system the RPP limiting current is given by
:
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where 
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 is the diffusion coefficient of the metal in the amalgam, t is the drop time, and tp is the pulse time. This equation is valid for 
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, i.e., for times t so short that the metal has not diffused to the center of the spherical electrode.

The diffusion coefficient DML is calculated from the mean diffusion coefficient, 
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, that describes the diffusion of both complex and free metal (equation 
(II.1.18)

:  GOTOBUTTON ZEqnNum582182  \* MERGEFORMAT ), using the free metal concentration, 
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). In this work a small mercury electrode was used, and hence it was necessary to consider a mixed spherical and planar diffusion. Consequently 
[image: image492.wmf]D

 was obtained for a set of values of 
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, r0, t and tp, by the ratio between the experimentally RPP limiting currents in the presence (ilim,M+L) and the absence of ligand (ilim,M): 
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where X is a constant given by:
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The methodology was tested for two metals, lead and copper, using two fractions of natural organic matter (NOM) isolated from the Loire River, namely the hydrophobic organic matter (HPO) and the transphilic organic matter (TPI), and a well-characterized fulvic acid (Laurentian Fulvic Acid, LFA). The reported diffusion coefficients for free (
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 m2.s-1) were used
.

 The DML mean values and standard deviations, using a two-sided Student’s distribution
 for a risk level of 0.05, obtained at pH 5 were (0.4 + 0.2)(10-10 m2.s-1 for Pb and Cu/HPO, (1.8 + 0.2)(10-10 m2.s-1 for Pb/TPI and (0.612 + 0.009)(10-10 m2.s-1 for Pb/LFA. The DML value obtained for LFA is similar to 0.6(10-10 m2.s-1 obtained at this pH in previous work using a different methodology
. The TPI value is within the range of the diffusion coefficients reported for humic and fulvic matter isolated from aquatic natural organic matter, while the HPO value is slightly smaller. For example, Lead et al.
 reported values between 0.6 to 5.0(10-10 m2.s-1 for different aquatic natural organic matter measured using fluorescence correlation spectroscopy (FCS), nuclear magnetic resonance, flow-field flow fractionation and voltammetry, and values in the range 0.05 to 0.9(10-10 m2.s-1 for the more hydrophobic peat and terrestrial natural organic matter obtained by different techniques such as ultracentrifugation, voltammetry, chromatography and photon correlation spectroscopy. The smaller value obtained for HPO may be due to higher hydrophobicity and, consequently, a tendency to form larger aggregates.

Natural organic matter samples have a distribution of diffusion coefficients due to the polydispersity of the sample. The polydispersity is usually given by the quotient of the weight average over the number average hydrodynamic diameters. However, by using voltammetric techniques we only obtain an average diffusion coefficient value and therefore cannot estimate the polydispersity. An indicator of polydispersity might possibly be the error associated to the diffusion coefficients, since the errors obtained for the natural samples (HPO and TPI) are of the same order of magnitude and considerably larger than the error obtained in the purified sample (LFA) (Figure VI.1). This probably indicates a higher degree of polydispersity in the natural samples, although it may also be because these are more complex matrices. 
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Figure VI.1 – Diffusion coefficient of the metal bound to organic matter (HPO, TPI and LFA) as function of free metal at pH 5.0, I = 0.02M, 25ºC: (() Pb/LFA (4.0(10-5 kg.L-1), (() Pb/TPI (1.4(10-5 kg.L-1), (() Pb/HPO (4.3(10-5 kg.L-1), (() Cu/HPO (4.3(10-5 kg.L-1).

Ideally, diffusion coefficient determinations should be carried out for each pH value of interest. At low pH (<5) the isolated humic matter forms small aggregates, probably containing two to three molecules, due to a reduction in intermolecular repulsion8,
,
. This coagulation effect is larger than the decrease in radius due to the molecular shrinking reported by Avena et al.
. 

The smallest error in the computation of DML derived from the intrinsic error in the free metal concentration by potentiometry, i.e., of order of magnitude of (8% for an uncertainty in potential reading of (1mV for a divalent cation. Another uncertainty arises from the value of the diffusion coefficient of the metal, which varies with the ionic strength and viscosity of the medium, and for which no systematic studies are available for the metals of interest.    

This methodology determines the diffusion coefficient of the complex and therefore does not contain the non-binding fraction of the natural organic matter. This is why this methodology is proposed for the calculations of the metal speciation experiments and not used as a general method to determine diffusion coefficients of NOM. In this respect, the method has the advantage of being inexpensive, faster than most of the other methods, and that the determined diffusion coefficient is effectively that of the complex.

VI.2. Determination of metal complex diffusion coefficients using SSCP

The proposed methodology is based on the use of a labile metal ion as a probe to determine the diffusion coefficient of a macromolecular ligand using SSCP.  

Using the stability constant (
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) and the mass balance for the metal, it follows that the complex diffusion coefficient, DML, can be calculated by:
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The average diffusion coefficient can be computed by the comparison of the limiting transition times obtained in the presence (
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) (calibration) of a complexing ligand for the same total metal concentration solving the cubic equation (III.1.27)

.

Three model colloidal systems were employed to demonstrate the feasibility of the technique: spherical latex nanoparticles with radii ranging from 15 to 129 nm; gold and silver nanoparticles with radii smaller than 10 nm and two colloidal humic substances (a humic and fulvic acid). The results from SSCP were compared with the results obtained from dynamic light scattering (DLS) (latex nanoparticles)
 transmission electron microscopy (TEM) (gold and silver nanoparticles)
 and fluorescence correlation spectroscopy (FCS) (humic substances). 

Results were first obtained for the interactions of lead and cadmium with carboxyl modified latex particles in order to better understand the SSCP signal and the limitations of the technique for determining diffusion coefficients in well-defined macromolecular systems. In particular, the detection window and associated errors were carefully evaluated. The ability of SSCP to determine diffusion coefficients of complexed metals in labile systems depends on 
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 and 
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. The average diffusion coefficient can be re-written as a function of 
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 (equation 
(II.1.18)

,  GOTOBUTTON ZEqnNum582182  \* MERGEFORMAT ), which shows two important limits, i.e. for 
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 would be necessary under those conditions, almost certainly resulting in a non-labile system. The calculated lower limit corresponds to the presence of a small ligand. Therefore, the most accurate measurements of the diffusion coefficient will be obtained when a significant part of the metal that is reduced at the electrode during the deposition step, is in its complexed form, i.e., 
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 values that are required to have either a 10% or 50% contribution of particulate bound Cd(II)  to the reduction during the deposition step can be calculated using equation 
(II.1.18)

 (Table VI.1). As expected,  GOTOBUTTON ZEqnNum582182  \* MERGEFORMAT  values that were necessary to maintain a given proportion of (reduced) bound to free metal, increased linearly with the particle radius. This calculation suggests that the sensitivity of the technique to determine DML will be better for smaller particles due to the possible loss of lability at higher 
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Table VI.1 – Computed 
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 values necessary to obtain a contribution of 10% or 50% of the complexed metal to the total metal reduced at the electrode during the deposition step for different particle sizes. Particle radii are calculated from diffusion coefficients using the Stokes-Einstein equation for hard spheres. A diffusion coefficient of 7.0(10-10 m2.s-1 was used for Cd2+ 
.

	Particle radius (a)
/nm
	DML

/10-12 m2.s‑1
	DML/DM
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(50%)
	
[image: image523.wmf]'

K


(10%)

	1
	223
	0.319
	3.1
	0.3

	3
	74.4
	0.106
	9.4
	1.0

	10
	22.3
	0.032
	31
	3.5

	30
	7.44
	0.011
	94
	10.3

	100
	2.23
	0.003
	313
	34.5


SSCP was used to determine average diffusion coefficients of the labile metal complexes with the latex nanospheres (Table VI.2, Figure VI.2). Errors are given for a 95% confidence level based upon a Student’s distribution7. For the latex particles with radii of 15, 35 and 65 nm, diffusion coefficients of (1.5(0.2)(10-11 m2.s-1, (6.7(0.1)(10-12 m2.s-1 and (3.6(0.4)(10-12 m2.s-1 were obtained, in good agreement with their reported radii and with results obtained from dynamic light scattering
. 

Table VI.2 – Diffusion coefficients calculated using SSCP from the interaction of Pb(II) and Cd(II) with latex nanoparticles. Average of results obtained using different latex concentrations (0.01% up to 0.4% (w/w)) and different pH values, and I = 0.01M.

	Particle

radius 

(a)
/nm
	Number 

of

measurements
	DML

/10-12 m2.s-1
	95% standard

error on DML
/10-12 m2.s-1
	SSCP particle radius (a)
/nm
	95% standard

error on a
/nm
	Relative

error 

/%

	15.0
	6
	15.3
	1.8
	14.2
	1.1
	8.0 

	35.0
	16
	6.76
	0.13
	33.2
	1.2
	3.6 

	40.5
	8
	5.84
	0.22
	38.3
	1.4
	3.8 

	60.5
	10
	3.62
	0.11
	61.9
	2.1
	3.4 

	65.0
	4
	3.60
	0.44
	62.2
	8.2
	13 

	129.0
	4
	1.74
	0.02
	128.7
	3.7
	2.8 
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Figure VI.2 – Calculated vs. measured particle radii (nm). The SSCP calculated values are averages of several measurements obtained from the interaction of Pb(II) and Cd(II) with latex nanoparticles, using different pH values (pH 5.4 to 7.6) and latex concentrations (0.01% to 0.4% w/w) at ionic strength 0.01M. The error bars correspond to a 95% error based upon a Student’s distribution7.

No aggregation was observed by DLS, neither in the stock solution nor in measurements obtained in the media used for the voltammetric experiments. In general, there was good agreement between the reported and calculated particle radii, with relative errors situated between 2.8 and 13 %. Nonetheless, for the 129 nm latex particles it was quite difficult to perform the experiment due to the high 
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 values required and the small signal obtained for these systems due to their very low DML.

Based upon these results, it would appear that the upper limit for the determination of particle sizes (diffusion coefficients) using SSCP is about 100 nm. Some caution is required in interpreting the errors reported in Table VI.2 since they are obtained for different numbers of measurements under different experimental conditions, i.e. different 
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 values. Larger values of 
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 gave rise to smaller errors on the individual measurements (equation 
(II.1.18)

; Figure VI.3). For example, while the 95% error for 16 measurements made on the 35 nm latex particles was (1.2 nm (Figure VI.3), deviations as large as (5 nm were observed for individual measurements. For an accurate size determination, measurements should be replicated and performed at sufficiently high  GOTOBUTTON ZEqnNum582182  \* MERGEFORMAT  values.


Figure VI.3 – Calculated particle radius, a (nm), as a function of the stability constant, 
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, for the 35 nm latex nanoparticles. The SSCP values correspond to several measurements obtained for the interaction of Pb(II) and Cd(II) with the 35 nm latex nanoparticles using different latex concentrations (0.01% up to 0.3% w/w) and pH values at an ionic strength of 0.01M. The error bars correspond to the (1 mV error of the potential shift in SSCP.

While the latex particles are an interesting model system, it is very difficult to study small diameters due to aggregation and a significant polydispersity. For example, the 15 nm particles aggregated at ionic strengths >0.01M or pH <5.0. For the nanoparticle size range for which surface modifications are possible, a novel hybrid functional material
 was synthesized.  Preliminary results obtained for a silver particle covered with 11-MUA (Ag-11-MUA) and a gold particle covered with PVP (Au-PVP) gave a reasonable agreement between the SSCP and TEM measurements (Table VI.3, Figure VI.4). Nonetheless, results obtained several days later for the Ag nanoparticles gave a similar value for 
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 but a lower diffusion coefficient, indicating that the sample did not suffer a chemical modification but had begun to aggregate. Since the first results for the Ag-11-MUA particles were obtained within one week of synthesis while the second measurements were performed a week later, these particles are likely not sufficiently stable to maintain in solution for more than a week.

Table VI.3 – Particle size, diffusion coefficient and 
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 value calculated using SSCP and TEM for Ag-11-MUA and Au-PVP with cadmium.

	Particle


	TEM

/nm
	SSCP

DML

/10-11 m2.s-1
	SSCP particle radius (a)
/nm
	SSCP

interval

range (a)

/nm
	SSCP

K´



	Ag-11-MUA
	6.2 ( 0.5
	8.30
	5.4
	[3.1 to 19]
	0.36

	
	
	8.11
	5.5
	[4.4 to 7.3]
	1.07

	Au-PVP
	13.4 ( 2.5
	2.13
	10.5
	-----------
	1.24

	
	
	1.84
	12.1
	[7.9 to 28]
	2.70


For the Au nanoparticles, there was good reproducibility for firsts measurements made on different days but not among consecutive replicas on the same day. In the latter case, the value of 
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 shifted to more negative values while the 
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 increased and the shape of the SSCP wave became distorted, approaching a shape indicative of an irreversible reduction
. These latter results indicate that the suspension may have been chemically modified, potentially due to desorption of PVP from the particle surface and its subsequent adsorption to the surface of the mercury electrode. Adsorption leading to fouling would be consistent with the observation of electrode irreversibility. The presence of PVP in solution would cause a higher 
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 due to the higher diffusion coefficient of the polymer. While these examples clearly demonstrate the potential of the SSCP technique, they also indicate some of its limitations (best for small particles, some chemical (and electrochemical) knowledge of system required, etc.).


Figure VI.4 – TEM micrographs of (a) Au-PVP and (b) Ag-11-MUA colloids.

The technique was tested on two humic soil substances for which no prior size characterization was available. Good agreement was obtained for DML values measured by SSCP and FCS, although SSCP results had larger associated errors (Figures VI.5 and VI.6). DML values ranged from 2.30 to 2.83(10-10 m2.s-1, corresponding to hydrodynamic diameters of 1.5 - 1.8 nm, in good agreement with previous FCS
 and AFM10 results where the reported hydrodynamic diameters ranged between 1.5 and 2.5 nm for the Suwannee River HA and FA. Agreement between the sizes of the soil and aquatic humic substances has been observed previously and is generally attributed to the normalizing effects of the purification procedure10. While larger errors were associated with the SSCP measurements as compared to FCS, it should be noted that the error was estimated in different ways. In SSCP, each data point corresponds to a pH-ionic strength combination that was performed on different days. The error was computed by assuming an uncertainty of (1 mV on the value of 
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. For larger number of measurements, the statistical error should become significantly smaller. A more serious problem arose from the fact that for some of the Cd-HS systems, some loss of lability was observed for relatively low 
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 values. This loss of lability manifested itself at higher pH values such that only one of the results obtained at pH 6.5 could be used. The loss of lability resulted in some difficulties in the optimization of DML determination. 

Diffusion coefficients obtained by FCS are those obtained for the humic matter, DL, while those obtained by SSCP correspond to the complex species, DML. The similarity of the values that were obtained suggests that cadmium binding did not produce a noticeable change D of the humic matter, i.e. DML ( DL, in good agreement with previous results for Pb-humic complexes
. The diffusion coefficients obtained for the humic and fulvic materials were quite similar, in spite of a significantly higher charge density for the fulvic acid and a higher aromatic content of the humic acid
. Interestingly enough, the diffusion coefficient increased with pH for the fulvic acid (Figure VI.6). For the humic acid, DML values remained practically constant with pH at 0.01 M ionic strength, but decreased slightly at 0.1 M ionic strength for pH values below pH 6.0. This slight decrease has been observed previously
 where it was attributed to a slight association of the humic molecules due to a reduction of the intermolecular repulsion as the molecules were protonated (for pH values near and below the pKa of approx. 4)
. A decrease in D at higher pH values due to the deprotonation of the macromolecules and a higher intramolecular repulsion was not observed here, i.e. aggregation predominated over molecular compression. Nonetheless, it is likely that these humic substances are sufficiently reticulated and sufficiently small that size variations due to an increasing molecular charge (for pH > pKa) would be too small to be detected by the FCS technique.



Figure VI.5 – Diffusion coefficient as function of pH determined for the humic acid by SSCP (() and FCS (() at ionic strengths of (a) 0.01 M, and (b) 0.1 M.


Figure VI.6 – Diffusion coefficient as function of pH determined for the fulvic acid by SSCP (() and FCS (() at ionic strengths of (a) 0.01 M, and (b) 0.1 M.

VI.3. Conclusions

Regarding the two methodologies presented to determine the diffusion coefficients of metal complexes we establish that: 

i. the RPP/ISE methodology was able to:

· obtain DML values for the Pb/LFA system that agree with the one previously published;

· obtain DML values for the NOM fractions (HPO and TPI) that fall within the expected range of values.

ii. the SSCP methodology was able to:

· obtain particle sizes of six different latex samples with radii ranging from 15 to 129 nm in good agreement with the reported sizes;

· obtain particle sizes of silver and gold nanoparticles in good agreement with the ones determined by TEM measurements;

· obtain diffusion coefficients of humic and fulvic acid samples at different pH’s and ionic strengths in good agreement with FCS measurements;

· evaluate the state of aggregation of the nanoparticles, although a fairly detailed knowledge of the electrochemical behavior of the system was necessary for rigorous interpretation in more complex matrices;

iii. comparing the two methodologies we ascertain that: 

· the errors obtained with the two methodologies are similar since they are both mostly dependent on the potential measurements. In the first methodology the free metal concentration is determined by the potentiometry with an ISE and in SSCP the stability constant is determined by the half-wave deposition potential. 

· the experimental time is comparable for both methodologies. The main difference between these methodologies lies in the detection limit, which is of the order of 10-6 M for the ISE/RPP and of the order of 10-8 M for SSCP.

Chapter VII

Metal Speciation Dynamics in Colloidal Ligand Dispersions: Lability Features of Steady-State Systems 

An electrochemical lability criterion for dynamic metal binding by colloidal ligands
 was developed, in which convective diffusion is the dominant mode of mass transport
, being the condition used in the electrochemical experiments performed for this thesis. 

During the deposition step of these methods, which is the crucial one for speciation analysis, the solution is usually stirred, and hence convective diffusion is the dominant mode of mass transport. The electrochemical lability criterion, L, for a spherical electrode under convective mass transport is 
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 (see Chapter II for more details). The lability criterion expressed in this way is valid for the dynamic colloidal dispersion theory and the analogous homogeneous case. In fact differences between both theories lie on the nature of the association rate parameter
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which is implicit in the reaction layer thickness, and which can be expressed as for the colloidal dynamic theory as
[image: image538.wmf](

)

**'

'

Ma

LdDkK

e

=

, where 
[image: image539.wmf]*'

a

k

 is the apparent association rate constant (
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 Therefore, the objective of this work was to extend the dynamic theory developed for metal speciation in colloidal ligand dispersions with a lability criterion for stirred solutions in which convection diffusion is the dominant mode of mass transport. Supporting experimental evidence was collected using stripping chronopotentiometry at scanned deposition potential (SSCP) measurements of lead(II) and cadmium(II) complexation in dispersions of carboxylated latex particles.

To validate the lability expression for dynamic colloidal dispersions, 
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, it is necessary to compare the experimental dynamic criterion values obtained with SSCP experiments for the metal ion/carboxylated latex nanospheres systems. More precisely, it is necessary to verify if the experimental results follow the predicted dependence on the parameters present in the apparent association and dissociation equations: particle radius, a, ligand coarse-grained concentration, CL, and particle concentration, cp. The association rate constant, ka, will not be addressed since it is defined by the water loss rate constant, k-w, and by the stability constant for outer-sphere complexes, Kos, hence being constant for a given metal ion, ligand charge, and ionic strength of the solution
.

VII.1. Influence of ligand and particle concentration
The ligand concentration and the particle concentration are related through the surface ligand concentration (L by:
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Therefore, the apparent association rate constant equation can be written in terms of (L:
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The ligand concentration (CL) can be changed either by (i) changing the particle concentration, where its variation is coupled with cp while the surface concentration (L remains constant, or (ii) changing the pH, thus changing the degree of protonation of the binding sites on the colloidal particle, which results in effectively increasing CL and (L, while maintaining cp constant. Figure VII.1 compares the variation of 
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 with CL for lead(II) binding by latex particles with 40 nm radius, calculated by equation (II.2.43)

, with the corresponding analogous homogeneous ligand solution for the same complex species mobility. In all cases the predicted lability of the colloidal dispersion is 
significantly less than that for the corresponding homogeneous case. 
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Figure VII.1 – Variation of the lability criterion, 
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, with ligand concentration, CL (mol.m-3) for lead (II) interaction with colloidal ligand dispersions of particles with a 40 nm radius and the analogous homogeneous ligand solution (solid line) for cp variations (dashed line) ((L = 1.5x10-7 mol.m-2) and pH variations (dotted line) (cp = 1.07(1019 m-3). Other parameters: I = 0.01 M, dM = 2.5(10-5 m, K = 107 M-1, DPb = 9.9(10-10 m2.s-1, k-w(Pb) = 7(109 s-1, Kos = 3.66(10-3 mol-1.m3 (zMzL = -2).

This figure highlights an interesting feature of metal complexation by colloidal dispersions: the decrease in lability with increasing CL is dependent on the manner in which the ligand concentration is changed. An increase in CL invoked by an increase in pH induces a reduction in 
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 greater than that due to the same change in CL realized by an increase in cp. The explanation of this feature lies in equation 
(VII.1.6)

: on increasing the pH, (L increases, and thus  GOTOBUTTON ZEqnNum356317  \* MERGEFORMAT  decreases, whereas if cp is increased both (L and 
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 remains constant and the change in lability parallels that of the corresponding homogeneous solution. The distinction between the pH and cp-controlled variation of CL is a fundamental characteristic of colloidal ligand systems. It is an important practical consideration for interpreting of metal binding by colloidal ligands, and a useful diagnostic tool.

To decide if variation of CL by changing cp or by changing pH is best suited for determining the dynamic metal complexation parameters, it is necessary to identify the key experimental limitations in SSCP regarding the determination of the thickness of the reaction layer, (. The determination of  requires that the colloidal metal complexes must be quasi or non-labile. In this situation the SSCP signal is lower than the corresponding signal for the labile case. Thus to minimize the loss of signal on increasing CL, an increase of cp at constant pH is preferable. This also has the advantage that the K value will be constant; for polyelectrolytic ligands the apparent K is likely to be dependent on the degree of ligand protonation, i.e., on pH.

Figures VII.2a and VII.2b show the comparison between the experimentally determined and the calculated values of the lability parameter, 
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, as a function of CL, for lead(II) binding by 40 and 129 nm radius latex particles. There is a gratifying agreement for the 40 nm particles. The results obtained for the 129 nm particles are very near the detection limit of the technique (
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( 1 s), due to the low mobility (DML=1.73(10-12 m2.s-1) and the quasi-labile character of the complexes. The evidence is still convincing since the measured values are some 30 times lower than those predicted for the analogous homogeneous case. 
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Figure VII.2 – Experimental verification of the dependence of 
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 on CL (mol.m-3) ((L = 2.8x10-7 mol.m-2) at I = 0.01 M for lead(II) interaction with: a) 40 nm radius nanospheres (pH = 6.7, dM = 4.0(10-5 m, K = 1.46(107 M-1), b) 129 nm radius nanospheres (pH = 6.4, dM = 5.7(10-5 m, K = 9.33(107 M-1). Other parameters: DPb = 9.9(10-10 m2.s-1, k-w(Pb) = 7(109 s-1, Kos = 3.66(10-3 mol-1.m3 (zMzL = -2). Experimental data ((); dynamic colloidal theory (dashed line); analogous homogeneous ligand solution (solid line).

VII.2. Influence of particle radius

Particle radius increase, while keeping the ligand concentration constant, implies that the number of particles must decrease accordingly. It also implies a decrease in DML, meaning that in the calculation of the analogous homogeneous solution it is necessary to consider the ligands to be homogeneously distributed over the solution volume with mobility equal to that of the colloidal ligands in the dispersion2.

Figure VII.3 compares the theoretical dependence of the lability criterion, 
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, on the particle radius, a, for both colloidal ligand dispersions with that for the analogous homogeneous ligand solution. By keeping CL constant, the surface concentration (L changes, hence the observed variations in 
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 are effectively due to changes in a(L (equation 2(VII.1.6)

). As observed before for the diffusion controlled techniques GOTOBUTTON ZEqnNum356317  \* MERGEFORMAT , the increase of colloidal metal complexes with increasing a is significantly toned down as compared with the analogous homogeneous ligand solution. This effect is more important for lead(II) than for cadmium(II) due to the higher ka of the former. Figure VII.3 does not include experimental data due to the difficulty to obtain fully comparable results for the different particle radii. This arises from the surface concentration dependency on the particle radius (equation 
(VII.1.5)

). Therefore, the experimental and corresponding theoretical values are presented in Table VII.1. Consistent with the results presented above for the variation of CL, the experimental values of the lability parameter agree quite well with the predicted ones and are significantly smaller than those for the analogous homogeneous solution. The value of K´ and CL are different for each particle and this makes the lability comparison more involved. Nonetheless it can be seen that for lead(II) an increase of the particle radius from 15 nm (line 3) and 40 nm (line 5) results in an experimental increase of  GOTOBUTTON ZEqnNum131884  \* MERGEFORMAT  from 0.7 to 2.6, almost identical to the calculated increase from 0.7 to 2.7, but much smaller than the increase from 2.3 to 46 for the analogous homogeneous ligand solution. 

Figure VII.3 – Theoretical variation of the lability criterion, 
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, with particle radius, a (m), for the dynamic theory for colloidal ligand dispersions (black lines) and the analogous homogeneous ligand solution (grey lines), for lead(II) (dotted line) and cadmium(II) (full line) in the presence of CL = 10(10-3 mol.m-3 binding sites. Other parameters: I = 0.01 M, dM = 3.0(10-5 m, K = 1(107 M-1, DPb = 9.9(10-10 m2.s-1, DCd = 7.0(10-10 m2.s-1, k-w(Pb) = 7(109 s-1, k-w(Cd) = 3(108 s-1, Kos = 3.66(10-3 mol-1.m3 (zMzL=-2).

Further developments will require the investigation of the polyelectrolytic effect on the stability constant and its effect on the lability of metal complexes in colloidal ligand dispersions. A rough estimate provides a separation between charges of about 1.5 nm for our fully deprotonated systems. This clearly suggests that understanding the coupling of changes of ligand concentration due to variation of pH with polyelectrolytic counterion binding effects is fundamental in the understanding of the dynamic behavior of trace metals in natural waters, especially those with low ionic strength and/or variable pH.

Therefore the ability of SSCP to recover the dynamic parameters for systems that are on the brink of losing lability is quite remarkable even if the error in the calculated values is quite high, as can be seen for example in the case of the lead(II) and cadmium(II) interaction with the 60.5 nm radius particle.

VII.3. Conclusions

The conclusions of this chapter are:

· in colloidal ligand dispersions the observed increase in lability with increasing particle radius is significantly toned down as compared with the analogous homogeneous ligand solution, in accord with earlier predictions;

· the dependence of lability on the variation of ligand concentration depends strongly on the way in which this parameter is manipulated: a pH increase invokes a greater loss of lability than does an increase in particle concentration. 

· from the experimental results obtained we observe that the dynamic parameters can be obtained experimentally starting from lability, L, values of 30 and that SSCP is not useful to obtain the dynamic parameters for system with particles of radius larger than 130 nm.

Chapter VIII

Evaluation of Trace Metal Dynamic Speciation using PLM: Studies with Homogeneous Ligands 

In this chapter the potential of permeation liquid membrane was evaluated to ascertain its ability to obtain dynamic speciation information. For this purpose the stability constants of lead(II) and copper(II) binding with carboxyl modified latex nanospheres of different radii (15, 35, 40 and 65 nm) were obtained using PLM at different pH values and constant ionic strength of 0.01 M and compared with the ones obtained by stripping chronopotentiometry at scanned deposition potential (SSCP). The comparison of both techniques is possible since SSCP provides a K value that is independent of the lability of the system (K value 
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-derived using equation (III.1.24)

). 

VIII.1. Determination of PLM operating conditions

Prior to the speciation studies it was necessary to optimize the operating conditions of the PLM system. The performance of the PLM device was verified by analysis of the preconcentration factor F(t) time dependence for lead and copper (Figure VIII.1). Three replicates were performed for each preconcentration time for both metals in order to test the membrane capacity and reproducibility. The first conclusion that can be drawn is that F(t) increases linearly with the preconcentration time for at least 90 min for both metals. In absence of ligand in the source solution the different experiments should give the same results regardless of pH. A better reproducibility was obtained for lead as compared with copper. The differences between replicates can also be partly assigned to the atomic absorption spectrophotometer drift. Standard solutions were run between the samples during measurements and it was generally observed that the standard solution absorption values increase with operation time. This could be related to a thermal drift during the measurements, since those took several hours.

A preconcentration time of 20 min to perform the speciation studies was chosen, since it presents a good preconcentration factor while not being very long so that the length of the experience is manageable. Using this time a preconcentration factors of 1.5 for copper(II) and 2.0 for lead(II) were obtained. 



Figure VIII.1 – Time dependence of the preconcentration factor, F(t). PLM cell reproducibility (preconcentration time variation) and membrane capacity (three replicates at the same preconcentration time) for source solutions with an initial lead(II) concentration 1(10-5 M at pH 6.2 and 5.5 (a), and with an initial copper(II) concentration 5(10-5 M at pH 6.2 and 5.5 (b); pH 6.2 – ((); pH 5.5 – (().

VIII.2. Speciation studies

As referred in Chapter III if membrane diffusion is the rate-limiting transport then PLM responds to free metal alone. The PLM permeation control was evaluate to elucidate which is the limiting rate transport, i.e., whether the permeability is controlled by the diffusion in membrane or in solution. 

Unlike SSCP, the PLM technique is unable to provide a stability constant independent of the dynamic nature of the system. To perform the PLM calculations we must choose the adequate equation: (II.2.43)

.
(III.2.44)

 for a labile complex. To be able to choose we determine the lability criteria for the samples studied using equation (III.2.43)

 for an inert complex or 
Following these steps the stability constants for the complexes studied were calculated and compared with the reference SSCP results.

VIII.2.1. Permeation control

The rate-limiting step of permeation through the membrane (source diffusion or membrane diffusion control) will determine if the contribution of labile complexes is important or negligible. The solution and membrane permeability was calculated in the absence (calibration) and presence (titration) of the ligand being the results summarized on Table VIII.1.

Table VIII.1 – Percentage of membrane and solution control obtained in lead(II) and copper(II) interaction with latex nanospheres with different radii by PLM technique.

	
	
	Calibration
	Titration

	Metal
	Latex radius

/nm
	Membrane

Control /%
	Solution

Control /%
	Membrane

Control /%
	Solution

Control /%

	
	15
	1.0
	99.0
	43.9
	56.1

	Pb
	35
	0.4
	99.6
	86.7
	13.3

	
	65
	1.4
	98.6
	81.1
	18.9

	Cu
	40
	0.4
	99.6
	88.0
	12.0

	
	65
	0.4
	99.6
	79.7
	20.3


For both metals, in the absence of ligand, the diffusion in solution is the rate-limiting step. However, in the presence of the latex nanospheres with 35, 40 and 65 nm radii, the decrease of the mean diffusion coefficient cause a change to membrane diffusion control, although with a 12 to 20 % contribution of the solution diffusion. Due to this change the metal concentration at the surface is now significant as opposed to zero in solution diffusion control. The permeation is now mostly controlled by the membrane diffusion, which responds to the free metal ion alone. Notice that in this situation the PLM behaves like an ISE or DMT.

The determination of the complexes stability constants using equation (III.2.44)

 (equation for labile complexes) is not incorrect since this equation considers both the solution and membrane diffusion. However, due to the predominance of membrane diffusion control a good agreement between the stability constants obtained with both techniques, SSCP and PLM, is expected even if the complexes are not fully labile.

A different situation is expected for the smaller radius nanospheres due to the combination of membrane and solution diffusion control (Table VIII.1). The significant contribution of the solution diffusion control means that in case of loss of lability a sizable difference would appear between the PLM and SSCP results.

VIII.2.2. Lability criteria

The lability criteria,
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, for lead(II) binding with the latex nanospheres calculated using the stability constants obtained from SSCP 
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 are shown in Table VIII.2. These values indicate that the complexes are loosing lability with increasing pH for the SSCP time scale. However, in our experimental set-up the PLM diffusion layer thickness is six times larger than in SSCP, thus if a complex that is loosing lability in the time scale of SSCP could still be labile in the PLM time scale. Effectively, Table VIII.2 shows that all complexes are labile in the PLM experiments, hence the determination of the complex stability constants for the lead(II) interaction with latex nanospheres by this technique was performed using equation (III.2.44)

. 

Table VIII.2 – Theoretical values obtained for the lability criteria, 
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, of SSCP and PLM time scales (equation 
(II.2.43)

), for lead interaction with latex nanospheres with 15, 35 and 65 nm radii. The log K values used to perform the PLM lability criteria calculations were obtained with SSCP  GOTOBUTTON ZEqnNum609803  \* MERGEFORMAT . Other parameters: I = 0.01 M, ka = 2.6(1010 M-1.s-1, DPb = 9.9(10-10 m2.s-1, DLatex r=15nm = 1.5(10-11 m2.s-1, DLatex r=35nm = 6.4(10-12 m2.s-1, DLatex r=65nm = 3.4(10-12 m2.s-1, cp,Latex r=15nm = 6.7(1018 particles.m-3, cp,Latex r=35nm = 5.3(1017 particles.m-3, cp,Latex r=65nm = 8.2(1016 particles.m-3.

	pH
	CL /M
	log K /M-1
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 (PLM)

	Latex nanospheres with 15 nm radius

	5.4
	7.1(10-8
	7.6
	7.4(102
	280.7
	1276.5

	5.7
	1.6(10-7
	7.7
	9.6(102
	133.2
	428.3

	5.9
	2.2(10-7
	7.9
	1.0(103
	46.0
	204.7

	6.0
	2.7(10-7
	8.0
	1.0(103
	27.2
	141.7

	6.4
	3.7(10-7
	8.5
	1.1(103
	4.1
	32.8

	Latex nanospheres with 35 nm radius

	5.2
	3.8(10-7
	6.3
	2.2(102
	938.1
	5165.4

	5.4
	1.2(10-6
	6.4
	2.3(102
	445.3
	1236.3

	5.5
	1.5(10-6
	6.5
	2.3(102
	296.4
	735.5

	5.6
	1.9(10-6
	6.6
	2.3(102
	117.3
	473.3

	5.7
	2.4(10-6
	6.8
	2.3(102
	71.7
	289.2

	5.9
	2.9(10-6
	6.9
	2.3(102
	53.5
	150.9

	6.1
	3.4(10-6
	7.0
	2.3(102
	15.3
	113.9

	6.2
	3.9(10-6
	7.2
	2.3(102
	16.1
	69.2

	Latex nanospheres with 65 nm radius

	5.6
	7.6(10-7
	6.4
	6.6(101
	449.4
	3456.1

	5.8
	1.3(10-6
	6.6
	6.6(101
	147.6
	1153.2

	5.9
	1.8(10-6
	6.9
	6.6(101
	105.5
	525.6

	6.2
	2.5(10-6
	7.2
	6.6(101
	28.6
	184.2


Table VIII.3 shows the lability criteria values, 
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, obtained for the copper interaction with nanospheres of 40 and 65 nm radii for the SSCP and PLM time scales. Again this parameter was calculated using the stability constant obtained with SSCP 
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. For the 40 nm radius nanospheres both 
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 values are much larger than one, meaning that this copper complex must be labile for both techniques. The copper complexes with the 65 nm radius nanospheres are loosing lability with pH increase in the SSCP time scale, while they only start to lose lability at pH 6.2 in the PLM time scale. The determination of the stability constants by PLM for both complexes was done using equation (III.2.44)

.   

Table VIII.3 – Theoretical values obtained for the lability criteria, 
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, of SSCP and PLM (equation 
(II.2.43)

), for the copper interaction with latex nanospheres with 40 and 65 nm radii. The log K values used to perform the PLM lability criteria calculations were obtained with SSCP  GOTOBUTTON ZEqnNum609803  \* MERGEFORMAT . Other parameters: I = 0.01 M, ka = 3.7(109 M-1.s-1, DCu = 7.8(10-10 m2.s-1, DLatex r=40nm = 5.6(10-12 m2.s-1, DLatex r=65nm = 3.4(10-12 m2.s-1, cp,Latex r=40nm = 3.5(1018 particles.m-3, cp,Latex r=65nm = 8.2(1016 particles.m-3.
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 (PLM)

	Latex nanospheres with 40 nm radius

	5.5
	1.8(10-5
	5.7
	1.4(103
	485.0
	1297.2

	6.3
	2.0(10-5
	6.1
	1.4(103
	136.9
	534.2

	Latex nanospheres with 65 nm radius

	5.5
	4.7(10-7
	7.2
	5.1(101
	75.4
	401.8

	5.9
	1.7(10-6
	7.5
	5.2(101
	6.6
	59.2

	6.2
	2.5(10-6
	7.6
	5.2(101
	3.9
	32.2


VIII.2.3. Lead interaction with latex nanospheres

Figures VIII.2a, and VIII.2b show the log K values obtained with SSCP and PLM techniques for lead interaction with 35 and 65 nm radii latex nanospheres, respectively. For both 35 and 65 nm radii latex nanospheres membrane diffusion is the rate limiting step with only 13 and 19% contribution of solution diffusion (Table VIII.1). As expected we obtain a good agreement between the results of both techniques (Figure VIII.2a). However, the agreement is not so good for 65 nm radius nanospheres although they lie within the experimental errors (Figure VIII.2b). In fact the Figure VIII.2 shows that the log K values for the nanospheres with 65 and 35 nm radii have large errors, which can be due to the accumulation of errors in the permeation procedure and the atomic absorption measurements, as referred before. 



Figure VIII.2 – log K vs. pH obtained with the two dynamic speciation techniques, SSCP (() and PLM ((). The log K values obtained with SSCP were determined by 
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, and the ones obtained with PLM were calculated assuming a fully labile complex. The systems studied were lead(II) interaction with: a) 35 nm radius latex nanospheres, b) 65 nm radius latex nanospheres. Other parameters: I = 0.01 M, DPb = 9.9(10-10 m2.s-1, DLatex r=35nm = 6.4(10-12 m2.s-1, DLatex r=65nm = 3.4(10-12 m2.s-1.

A significant difference in log K results obtained by PLM and SSCP can be observed in Figure VIII.3 for the lead(II) interaction with 15 nm radius latex nanospheres. This is an unexpected result since the complexes are labile in the PLM time scale (Table VIII.2), thus a good agreement between both techniques was expected using equation (III.2.44)

. 
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Figure VIII.3 – log K vs. pH obtained with the two dynamic speciation techniques, SSCP (() and PLM ((). The log K values obtained with SSCP were determined by 
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, and the ones obtained with PLM were calculated assuming a labile complex. The system studied was lead(II) interaction with 15 nm radius latex nanospheres. Other parameters: I =0.01 M, DPb =9.9(10-10 m2.s-1, DLatex r=15nm = 1.5(10-11 m2.s-1.

During the experiences with the 15 nm radius nanospheres we observed some deposition on the PLM channel walls, which constitutes an evidence of aggregation in this sample. In SSCP this was not observed, probably due to the large vessel where the experiments were performed and its much smaller wall surface to solution volume ratio. Effectively, smaller particles show a higher tendency to aggregate
, and the consequences of aggregation will be more evident in the PLM set-up than in SSCP voltammetric cell. In the very small rectangular channels of PLM the particles are transported under laminar flow conditions, where the fluid velocity exhibits a parabolic profile. In these transport conditions there is a stagnant layer near the walls where the possibility of aggregation is much larger than in the bulk due to the extended contact time
.

 To evaluate the effect of aggregation in the complex lability let us assume for example an aggregate of 45 nm radius instead of a particle of 15 nm radius (i.e., a diffusion coefficient of 5.0(10-12 m2.s-1 instead of 1.5(10-11 m2.s-1). This aggregate is roughly constituted by twenty-one particles
, resulting in a decrease of the apparent association rate constant, 
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 (equation (II.2.35)

), since the decrease in the particle concentration, (twenty one times) cp, is larger than the increase in radius (three times). Thus, particle aggregation results in a significant decrease of the complex lability, as shown in Table VIII.4. 

Table VIII.4 – Theoretical values obtained for the lability criteria, 
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, of PLM (equation 3(II.2.43)

), for the lead interaction with 45 nm radius latex nanospheres, i.e., considering an aggregation of twenty-one 15 nm radius latex particles GOTOBUTTON ZEqnNum609803  \* MERGEFORMAT . The log K values used to perform the PLM lability criteria calculations were obtained with SSCP calculated using the half-wave deposition potential variation. Other parameters: I = 0.01 M, ka = 2.6(1010 M-1.s-1, DPb = 9.9(10-10 m2.s-1, DLatex = 5.0(10-12 m2.s-1, cp,Latex = 1.2(1016 particles.m-3.

	pH
	CL /M
	log K /M-1
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 (PLM)

	5.4
	7.1(10-8
	7.6
	6.52
	358.5

	5.7
	1.6(10-7
	7.7
	6.53
	106.2

	5.9
	2.2(10-7
	7.9
	6.53
	49.1

	6.0
	2.7(10-7
	8.0
	6.53
	33.5

	6.4
	3.8(10-7
	8.5
	6.54
	7.6


The aggregation and deposition of particles in the channel walls results in two errors in our calculations. The first error is an overestimation of total metal in solution due to the complexation of a significant amount of metal with the immobilized particles, therefore yielding a larger K value. At the same time we observe a loss of complex lability in a PLM set-up, which still possesses a sizeable contribution from the solution diffusion control (although smaller than the 15 nm radius nanospheres (Table VIII.1)). This effect also induces an increase in log K values since the stability constant is determined assuming a fully labile complex via equation (III.2.44)

. These two factors explain the results shown in Figure VIII.3. It is now clear that PLM should not be used when there is a possibility of ligand aggregation. 

VIII.2.4. Copper interaction with latex nanospheres

The log K values obtained with the two techniques for copper interaction with latex nanospheres of 40 and 65 nm radii are given in Figures VIII.4a and VIII.4b, respectively. Membrane diffusion is obtained for the 40 and 65 nm radii nanospheres with solution diffusion contributing with 12.0 and 20.0 % to the PLM flux, respectively, as indicated in Table VIII.1. Table VIII.2 shows that the copper complexes with these two latex nanospheres are labile in the PLM time scale so a small contribution from these complexes to the overall flux is expected. Using equation (III.2.44)

 to perform the calculations a good agreement between the results determined by both techniques is obtained. 
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Figure VIII.4 – log K vs. pH obtained with two dynamic speciation techniques, SSCP (() and PLM ((). The log K values obtained with SSCP were determined by 
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, and the ones obtained with PLM were calculated assuming a fully labile complex. The systems studied were copper(II) interaction with 40 nm (a) and 65 nm (b) radius nanospheres. Other parameters: I = 0.01 M, DCu = 7.8(10-10 m2.s-1, DLatex r=40nm = 5.6(10-12 m2.s-1, DLatex r=65nm = 3.4(10-12 m2.s-1.
The values in Figures VIII.2, VIII.3, and VIII.4 are the median of a set of measurements performed and the bars corresponds to the maximum and the minimum values obtained in that set. It was expected that the PLM results would show smaller errors than SSCP, since each data point was obtained in the same day, with the same test solution and the same conditions, while for SSCP each data point correspond to a pH that was performed on different days. However, the PLM technique usually shows larger errors than SSCP, which may be assigned to the atomic absorption spectrophotometer drift, as explained before.

VIII.3. Conclusions

Our evaluation of ability of PLM to perform trace metal dynamic speciation showed that: 

· for large particles or macromolecular ligands PLM shows membrane diffusion control, where it responds to the free metal ion alone (like DMT or ISE) and no dynamic information can be obtained;

· for all systems tested, with the exception of Pb(II) – 15 nm radius nanospheres, the stability constant for labile systems in the dimensional scale of the PLM sensor agrees well with the ones obtained with the certified technique, stripping chronopotentiometry at scanned deposition potential;

· our PLM system is more sensitive to particles aggregation problems than SSCP, due to the PLM small channels and the corresponding large ratio of wall area to solution volume. When aggregation appears the PLM cannot be used to perform speciation studies. 

According to these results this PLM device will only be useful for dynamic speciation studies in absence of aggregation, when solution diffusion is the permeation rate-limiting step. On the other hand, this PLM device showed good performance for thermodynamic speciation.

Chapter IX

Trace Metal / Heterogeneous Ligand Speciation: Comparison Studies using PLM, SSCP, DMT and ISE 

The aim of the work developed in this chapter is to compare trace metal speciation in presence of humic acid using different speciation techniques: PLM, SSCP
, DMT and ISE
. For this purpose we used a humic acid from a peat bog at Sierra de Buio (Spain). This is a fully characterized sample regarding its acid-base properties
 and where the average stability constants with copper and lead (the metals used) have been determined using ion selective electrodes
,
.
As said in the introduction dynamic trace metal speciation with heterogeneous ligands is very involved. Thus we start by determining the speciation with DMT and compared these with the published ISE results3. Using the stability constants determined with DMT (or ISE) we would compute the lability of the complexes in the PLM and SSCP time scales. Following this step the stability constants for the complexes it will be experimentally measured using both dynamic techniques.

IX.1. DMT and ISE comparison

Using the free metal concentration determined by DMT (or ISE) and knowing the total metal in solution while assuming excess of ligand it is straightforward to obtain the value of the stability constant. The log K values obtained for copper(II) and lead(II) interaction with humic acid are shown in Table IX.1. The results agree within the experimental error until pH 5.5. At pH 6.0 an overestimation of the log K values obtained with DMT was observed. A possible origin of this error can be the pH variations due to the absence of a buffer in the DMT experiments. 

Table IX.1 – log K obtained results by ISE3 and DMT for copper and lead interaction with humic acid at ionic strength 0.01 M. The values illustrated for DMT are the maximum and the minimum values obtained in a set of measurements. 

	
	
	log K /M-1

	System
	pH
	ISE
	DMT

	
	4.5
	6.18 + 0.06
	--

	Cu-HAHf
	5.0
	6.34 + 0.07
	[6.4 to 6.8]

	
	5.5
	6.55 + 0.09
	[6.6 to 7.0]

	
	6.0
	6.70 + 0.10
	[7.2 to 7.4]

	
	5.0
	--
	[5.5 to 5.6]

	Pb-HAHf
	5.5
	6.01 + 0.02
	[5.9 to 6.1]

	
	6.0
	6.25 + 0.06
	[6.5 to 6.6]


IX.2. Complex lability in the PLM and SSCP time scales

The lability criteria, 
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, for the PLM and SSCP time scales was calculated for copper(II) (Tables IX.2) and lead(II) (Tables IX.3) complexes using the log K values obtained by DMT and/or ISE, since the metal speciation obtained by these thermodynamic techniques are not affected by lability and reflects the bulk heterogeneity. 

Table IX.2 show that copper complex is loosing lability in the PLM time scale, therefore, is expected that for PLM the K values obtained using equation 
(III.2.44)

 are overestimated. For the SSCP time scale we observe that at ionic strength 0.1 M the complex is fully labile but at ionic strength 0.01 M the complex is not labile above pH 5.0. Effectively, we were not able to obtain the experimental results at this ionic strength since the signal was near the detection limit of the technique ( GOTOBUTTON ZEqnNum391829  \* MERGEFORMAT ( 1 s). Due to the ligand heterogeneity the lability at the surface of the electrode is probably much lower that the bulk lability present in Table IX.2. Therefore, due to this limitation the Cu(II) / humic acid dynamic speciation is not available at 0.01 M ionic strength with SSCP.

Table IX.2 – Theoretical values obtained for the lability criterion, 
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, of SSCP and PLM (equation (II.2.43)

), for copper interaction with humic acid. The SSCP and PLM lability criterions were calculated with the average of log K values obtained by DMT and ISE at I = 0.01 M, and for SSCP also were used the log K values obtained by ISE at I = 0.1 M. Other parameters: ka = 3.7(109 M-1.s-1, DCu = 7.8(10-10 m2.s-1, DHumic acid = 2.5(10-10 m2.s-1, cp,Humic acid = 1.0(1021 particles.m-3.
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I=0.01M



	4.5
	
	--
	6.18
	4.86
	6.1(103
	1187.8
	47.8
	94.7

	5.0
	7.1(10-6
	6.7
	6.34
	5.02
	6.6(103
	595.9
	14.3
	36.5

	5.5
	9.2(10-6
	6.9
	6.55
	5.23
	7.0(103
	289.1
	7.5
	18.0

	6.0
	1.2(10-5
	7.4
	6.70
	5.38
	7.3(103
	--
	--
	8.7


Table IX.3 show that lead(II) humic acid complex is labile in the time scales of SSCP and PLM, however at pH 6.0 the complex start to loose lability in SSCP time scale. Thus, the PLM calculations will be done using equation (III.2.44)

. 

Table IX.3 – Theoretical values obtained for the lability criterion, 
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, of SSCP and PLM (equation (II.2.43)

), for lead interaction with humic acid. The SSCP and PLM lability criterions were calculated with the average of log K values obtained by DMT and ISE. Other parameters: I = 0.01 M, ka = 2.6(1010 M-1.s-1, DPb = 9.9(10-10 m2.s-1, DHumic acid = 2.5(10-10 m2.s-1, cp,Humic acid = 1.0(1021 particles.m-3.
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	5.0
	7.1(10-6
	5.6
	--
	1.1(104
	171.8
	438.2

	5.5
	9.2(10-6
	6.0
	6.01
	1.1(104
	43.7
	122.6

	6.0
	1.2(10-5
	6.6
	6.25
	1.1(104
	14.4
	40.8


IX.3. Dynamic speciation using PLM and SSCP

IX.3.1. Copper interaction with humic acid

Figure IX.1 show the evolution of log K values with pH obtained for copper interaction with humic acid using PLM, DMT and ISE at ionic strength 0.01 M, and SSCP and ISE at ionic strength 0.1 M. The results obtained by SSCP and ISE at ionic strength 0.1 M are not in agreement. This overestimation of log K values is an unexpected result since the SSCP speciation calculations were performed with the first order chemical heterogeneity approach
 using equation (III.1.35)

, which should take into account the ligand heterogeneity. This indicates that the ligand heterogeneity has a large effect on SSCP signal and that the heterogeneity effect of the ligand is not fully taken into account in this approach. The ligand heterogeneity results on an average diffusion coefficient that decreases from the bulk until the electrode surface as a result of the decrease of the metal to ligand ratio due to the metal amalgamation at the electrode. However, if the first order chemical heterogeneity approach used in SSCP calculations would correctly account for the ligand heterogeneity the log K results obtained would be the same as those obtained with PLM, DMT and ISE, which is not the case. Further work developing a more rigorous approach to perform the speciation calculations with heterogeneous samples measured with SSCP is initiated in collaboration with Prof. Jaume Puy and his group at 
the University of Lleida in Spain.

Figure IX.1 – log K vs. pH for copper(II) interaction with a well characterized humic acid, obtained by DMT, ISE, PLM, and SSCP. The log K values obtained by SSCP (() were determined at ionic strength 0.1 M and by
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. The log K values obtained with PLM ((), and DMT (() were determined at ionic strength 0.01 M and for PLM they were calculated assuming a labile complex. ISE log K values were obtained at ionic strength 0.1 (-) and 0.01 M ((). Other parameters: DCu = 7.8(10-10 m2.s-1, DHumic acid = 2.5(10-10 m2.s-1. SSCP, DMT and PLM results are the median of a set of measurements (the bars corresponds to the maximum and the minimum values).
The results obtained with PLM and DMT are in good agreement, which is an unexpected result since the complexes are loosing lability in the PLM time scale (Table IX.2), and the use of equation (III.2.44)

 should result in an overestimation of the log K values. The explanation for this result must lie in the rate-limiting step of permeation through the membrane (source or membrane diffusion control), which will determine if the contribution of labile complexes is important or negligible. Therefore, to elucidate this point the solution and membrane control percentages were calculated in the absence (calibration) and presence (titration) of the ligand, being the results presented in Table IX.4.

Table IX.4 – Percentage of membrane and solution control obtained in copper(II) and lead(II) interaction with humic acid by PLM technique.
	
	Calibration
	Titration

	System
	Membrane Control  /%
	Solution Control  /%
	Membrane Control  /%
	Solution Control  /%

	Cu-HAHf
	0.5
	99.5
	79.2
	20.8

	Pb-HAHf
	0.6
	99.4
	78.7
	21.3


The permeation results show that in absence of ligand the solution diffusion is the rate-limiting step, but in presence of the humic acid the permeation is mostly controlled by the membrane diffusion. This is due to a decrease of the mean diffusion coefficient. Therefore, PLM responds mostly to the free metal ion alone behaving much like an ISE or DMT. The complex lability or ligand heterogeneity do not affect the calculation, hence a good agreement between the results obtained by PLM, DMT and ISE is observed. Notice that, in a situation when a solution diffusion control is relevant the PLM results must also be affected by lability and ligand heterogeneity exactly as SSCP. 

IX.3.2. Lead interaction with humic acid

Figure IX.2 illustrates the log K values obtained for lead interaction with humic acid by PLM, SSCP, DMT and ISE. The results obtained by SSCP and the remaining techniques are not in agreement. This overestimation of the SSCP log K values is similar to the one observed previously for copper(II) and might be due to the incomplete correction of the first order chemical heterogeneity approach. As was expected the results obtained by PLM agrees with DMT and ISE. Similar to copper(II), in presence of the humic acid a membrane diffusion control is obtained (Table IX.4). Therefore, the PLM system shows the same response as DMT or ISE, measuring the free metal alone with a small contribution of labile complexes, hence the lability and the ligand heterogeneity have a small effect on PLM signal.

Figure IX.2 – log K vs. pH for lead(II) interaction with a well characterized humic acid, obtained by DMT ((), ISE ((), PLM ((), and SSCP ((). The log K values obtained by SSCP were determined by
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, and the ones obtained by PLM were calculated assuming a labile complex. Other parameters: I = 0.01 M, DPb = 9.9(10-10 m2.s-1, DHumic acid = 2.5(10-10 m2.s-1. SSCP, DMT and PLM results are the median of a set of measurements (the bars corresponds to the maximum and the minimum values).

IX.2. Conclusions

For trace metal / heterogeneous ligand speciation the comparison studies showed that: 

(    DMT results are in good agreement with the previously published ISE ones, except at higher pH probably due to the unbuffered DMT system;

(   our PLM set-up showed membrane diffusion control and the results obtained were in good agreement with the ISE and DMT, whether the complexes are labile or not;

(    the log K values obtained by SSCP were noticeable higher than those obtained with the other techniques, which is attribute to the influence of ligand heterogeneity which was incompletely taken into account by the calculation methodology employed.

Chapter X

Conclusions and Future Work

SSCP have the major advantages of calculate the complex stability constant irrespective of the lability degree, the complex diffusion coefficients and hence to calculate the association and dissociation rate constants of the complex. However, in the presence of heterogeneous ligands the SSCP is unable to provide correct dynamic parameters caused by the ligand heterogeneity, which is not well taken into account by the calculation methodology employed. However, there is an ongoing work to develop a more rigorous methodology that we hope will solve this limitation. 

Performing metal speciation with PLM technique with membrane permeation control yields the complex stability constant even in the presence of heterogeneous ligands. In this condition PLM is unable to provide dynamic parameters since it behaves like a thermodynamic technique. To study metal dynamic speciation using PLM is necessary a solution permeation control, and the previously knowledge of the stability constant of the complex in the way to know the lability of the complex in the PLM time scale. Another limitation of PLM technique is the detection limit constrained by the graphite furnace atomic absorption spectrometry or the inductively coupled plasma mass spectrometry. 

Future work

To have a larger understanding of the SSCP technique a more detailed study of some parameters, which are crucial to use this technique under environmental relevant conditions or even in situ, is necessary: 

· the polyelectrostatic effect on the stability constant and its effect on the lability of metal complexes in colloidal ligand dispersions. The humic matter electrostatic effects results from its charge, which depends strongly on pH and influences the metal ions complexation;

· the study of metal speciation in presence of various metals and in presence of model and natural ligands. In natural waters besides protons exists a range of macro constituents metals (e.g., calcium, magnesium, and aluminium) that can compete with trace metals for organic matter sites;

· the study of ML2 complexes formation with natural ligands. In natural waters a variety of ligands are present, which can form multiligands systems with metals changing the kinetic features;

· alternative electrodes should be developed to suit the need of environment, such as chemically modified electrodes. The mercury is toxic, and is also considered responsible for environmental pollution. A substitute of the mercury film electrodes are, e.g. the environment-friendly bismuth film electrodes.
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