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Stellingen 

1) De binding van (zware) metalen aan natuurlijke macromoleculen verschilt aanzien­
lijk van die aan synthetische polyzuren, zoals polymethacrylzuur. 

Dit proefschrift. 

2) De protolytische omstandigheden in een metaal/polyelectroliet systeem worden niet 
uitsluitend gedefinieerd door de pH. 

Dit proefschrift. 

3) Bij de afleiding van milieukwaliteitsdoelstellingen voor sedimenten dient in het 
geval van zware metalen rekening gehouden te worden met het Acid Volatile 
Sulfide gehalte. 

MA.G.T. van den Hoop and HA. den Hollander, 
RIVM report, draft version December 1993. 

4) De term biobeschikbaarheid kan in veel gevallen aan betekenis winnen als er een 
nadere omschrijving aan toe wordt gevoegd. 

5) Het benadrukken van andermans fouten in wetenschappelijke geschriften, zoals dat 
regelmatig gebeurt in stellingen bij proefschriften, is gemakkelijk. Die wetenschap­
per die de positieve aspecten van andermans werk naar voren brengt, verdient 
waardering. 

6) Bedrijven, organisaties en afdelingen krijgen de leidinggevenden die zij verdienen. 

7) Mensen die de uitdrukking "praat me er niet van" gebruiken, gaan meestal op de 
praatstoel zitten. 

8) Stellingen bij proefschriften moeten óf getuigen van enige grootsheid óf een ludiek 
karakter hebben. -~ , 

Ontvangen 
9) Chaos is een vorm van orde. 4 * JÄM 1QQA 

Içick, < 
New York etc, Viking, 1987. 

._ I l r— —~ A f-^lojnes-CUack, Chaos: making a new science. 

Stellingen behorende bij het proefschrift "Electrochemical metal speciation in natural and 
model polyelectrolyte systems". 
Marc van den Hoop, Wageningen, 21 januari 1994. 
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Voor Paletti 



EEN WOORD VOORAF 

Het is zover. Ik kan u nu eindelijk laten zien en lezen waar ik mij de afgelopen jaren 
mee bezig heb gehouden. Dit proefschrift geeft u echter slechts een indruk van mijn 
wetenschappelijke werkzaamheden. Jammer, want ik heb mij niet alleen kunnen 
ontwikkelen op wetenschappelijk gebied, maar ook op persoonlijk vlak. Dit was mogelijk 
door de mensen om mij heen. 

Op de vakgroep heerste een zeer gemoedelijke sfeer, waar ik het bijzonder naar mijn 
zin heb gehad. Een tijd, waarin gewerkt moest worden aan de inhoud van dit proefschrift, 
maar waarin tevens een haast onmetelijke vrijheid bestond. Van mijn begeleiders kreeg ik 
wetenschappelijke vrijheid; (externe) financiële bijdragen gaven mij bewegingsvrijheid; 
door flexibele werktijden had ik de vrijheid om ook aan andere overdag plaatsvindende 
activiteiten deel te nemen. In mijn werkomgeving had ik de vrijheid om mijn verhalen kwijt 
te kunnen, niet alleen in de koffiekamer, maar ook in de gangen, het lab, down town en bij 
het secretariaat. 

Het is waarschijnlijk overbodig u te vertellen dat ik met veel plezier op reis ging. 
Hierdoor kreeg ik de mogelijkheid om buitenlandse collega's te ontmoeten, andere 
culturen en werelden te ontdekken, te genieten van natuurschoon en het leven in de 
plaatselijke kroegen. De buitenlandse collega's hebben mij geholpen door meetapparatuur 
beschikbaar te stellen en door discussies over wetenschappelijke en minder 
wetenschappelijke zaken. Samen met hen heb ik publicaties geschreven en zal dat in de 
toekomst blijven doen. Bovendien heb ik hier ook nog goede vrienden aan overgehouden. 

Op hun eigen manier motiveren mensen uit mijn nabije omgeving, zoals familie, 
vrienden, afdelingsgenoten, buren, volkshuisvesters en (nieuwe) collega's, mij aan mijn 
leven een positieve invulling te geven. Hun belangstelling voor mij en mijn dagelijkse 
activiteiten, geven mij energie om dit te realiseren. In mijn leven neemt mijn levensgezel 
een bijzondere plaats in. Zij weet mij steeds weer door haar liefde en doortastendheid te 
stimuleren niet stil te staan, maar door te gaan met ontwikkelen. 

Al deze mensen bedank ik alvast hierbij. Maar liever doe ik dat onder het genot van 
een goed glas. 
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CHAPTER 1 

Introduction 

1.1 Metal speciation in aquatic systems 

Nowadays, metal speciation is a well-known term used for the determination of the distribution 

of metal ions over different chemical and/or physico-chemical forms, and for the distribution 

itself. In natural systems, physico-chemical forms of metal ions include: the free (hydrated) 

metal ion; complexes of metal with simple inorganic species, such as chloride and carbonate; 

complexes of metal with macromolecular ligands, like humic and fulvic acids; metal ions 

adsorbed on a variety of colloidal particles, for example clay minerals and (hydr)oxides of iron, 

manganese or aluminium; and precipitate metal compounds, such as heavy metal sulfides. All 

these species can co-exist and, hence, the prediction of the metal ion distribution in these systems 

may be quite complicated. With respect to the bio-availability of (heavy) metals, knowledge of 

their speciation is of great significance, both from the viewpoint of their essentiality for various 

life forms, which is the case for e.g. zinc, potassium and calcium, and with respect to their 

toxicity, as is the case of e.g. cadmium and lead. It is well-known that toxic effects of heavy 

metals may be reduced in the presence of complexing agents [e.g. 1-4]. Obviously, under these 

conditions the metals may be less available for uptake by organisms. In general, many chemical 

and biological properties of metals in natural waters can hardly be explained on the basis of 

total metal concentrations. The understanding of these properties greatly improves by taking 

into account the actual speciation of the metals. Extensive lists of references to studies of (heavy) 

metal speciation in natural systems are available in the literature and support the great importance 

of the current subject [5-7]. 

In order to limitate the immense field of metal speciation, we will focus in the present study on 
the distribution of (heavy) metals over the free and bound states in aquatic systems containing 
macromolecular complexants of natural origin, in particular dissolved organic matter, such as 
humic and fulvic acids. These polyacids belong to the major natural complexants of metals and 
play an important role in their circulation in aquatic systems [8]. Due to binding of metals by 
the macromolecules, the availability of the metals for organisms may decrease, whereas, on the 
other hand, the mobility of the metals may increase, because the complexing agents are quite 
soluble in aquatic systems. In marine and fresh waters typical concentrations of dissolved organic 
carbon are found to be in the range of 10 |ig.l_1 up to 10 mg.l"1 [5]. 



Humic material results from chemical and biochemical transformations of the products of decay, 
désintégration, and microbial action. Due to the great differences in origin it has a very complex 
and heterogeneous structure. Because of the structural complexities and varieties, the exact 
composition is not definable; it depends primarily on the source of the humic material (i.e. sea, 
estuary, lake, or soil) [5]. Although the global structural formula is different for various humic 
acids, their chemical structures and properties are quite similar. Humic and fulvic acids have 
many functional groups, predominantly carboxylic and phenolic hydroxylic, and these are 
subject to dissociation. Hence, these polyacids are generally charged and therefore they are often 
referred to as (bio)polyelectrolytes. Due to chemical and electrostatic interactions, humic sub­
stances are able to bind heavy metals and, hence, to influence or even control the distribution 
of these metal ions in natural systems. 

1.2 (Bio)polyelectrolytes and counterion distribution 

Polyelectrolytes may be denoted as a class of macromolecules, which contain a large number 
of chargeable groups on the macromolecular chain. Polyacids in aqueous solution are generally 
able to dissociate into negatively charged polyions and protons. One way of classifying these 
macromolecules is according to the strength of the groups into strong and weak polyelectrolytes. 
For the former group of polyacids, the dissociation may reach its maximum value at any pH, 
whereas for the latter the (spontaneous) degree of dissociation may be quite low for relative low 
pH. Examples of weak polyelectrolytes are polyacrylic acid, polymethacrylic acid and humic 
acid. Polystyrenesulfonic acid is an example of a strong polyelectrolyte. Several reviews on 
polyelectrolytes and their properties are available in the literature [9-13]. 

One of the crucial properties of multiply charged polyelectrolytic species is their interaction 
with counterions. The electrostatic interaction between charged sites on the polyelectrolyte is 
generally responsible for a speciation pattern of counterions that is quite different from that for 
mono-functional electrolytes such as acetate [13]. The following specific features may play 
major roles in metal speciation in polyelectrolyte systems: 

(i) The polyionic charge density is a basic parameter that controls the distribution of 

counterions over the free and bound state. For example, Cleven [14] has studied the 

binding of divalent metal ions with a variety of (bio)polyelectrolytes and found that the 

stabilities of metal/polyion complexes increase with increasing degree of neutralization, 

which is related to the charge density of the polyelectrolyte. These results are in 



agreement with the observations in a number of other studies [15-17]. Generally, the 

association of counterions with polyelectrolytes increases with increasing charge 

density on the polyion. 

(ii) Furthermore, the association of divalent metals with polyelectrolytes is in several ways 

affected by the presence of monovalent counterions. First, in the case of a large excess 

of monovalent counterions over divalent ones, the former ions are mainly responsible 

for the ionic strength. Hence, they control the magnitude of the Debye screening length 

and thus the resulting effective charge density of the polyelectrolyte. Second, electro­

static interaction of monovalent counterions with the polyion may give rise to 

competition effects with respect to the divalent counterions and thus affect the speciation 

patterns of the metals involved. For example, Cabaniss and Shuman [18] observed a 

10-fold increase in copper activity by increasing the NaC104 concentration from 0.005 

to 0.05 mol.1"1 for a Suwannee River fulvic acid sample at a constant pH of 7. For other 

polyelectrolytes, such as polyacrylic acid and polygalacturonic acid, a similar decrease 

in the extent of binding of divalent counterions has been found upon increasing con­

centrations of monovalent counterions [19,20]. 

(iii) For naturally occurring polyelectrolytes, the chemical heterogeneity with respect to 

binding sites on the polyelectrolyte is another important parameter. Different types of 

sites may have different affinities for counterions. Commonly, this is referred to as the 

polyfunction^ character of the macromolecules. To each single type of site a single 

intrinsic binding constant may be assigned. In addition, the overall stability of the 

metal/complex is also affected by electrostatic interactions among the sites as met in 

(i). In these cases, the association of counterions can no longer be described by one 

single stability. This has led to the introduction of equilibrium affinity distribution 

functions [8,21,22], which depend on the metal/complexing site ratio [23-25]. 

(iv) Finally, the conformation of the polyelectrolyte may change as the result of variations 

in the charge density and the degree of hydration of the macromolecule. For example, 

the stabilized, hypercoiled conformation of polymethacrylic acid at low pH values 

disappears with increasing charge density on the polymeric chain [26], which may result 

in changes of the speciation pattern of counterions. O'Neill et al. [27] and Morawetz 

and Kandanian [28] have found that the binding of Cu2+ and Mg2+ with polymethacrylic 

acid is quite different for the isotactic conformation compared to the syndiotactic one. 



1.3 Electrochemical methods 

Considering various electrochemical techniques, potentiometry is certainly the most attractive 
for speciation. The observed potential is a direct measure of the activity of free (hydrated) metal 
species. In the absence of any significant interference with other ions, the speciation information 
can easily be obtained through a Nernst-type equation. However, the selectivity is rather limited, 
especially if chemically similar ions are present in the sample. For natural samples another 
serious limitation arises. The detection limit is not far below 10'6 mol.1"1. Finally, the poor 
precision of potentiometry reduces its applicability under conditions where accurate measure­
ments are required. Therefore, electrochemical methods such as polarography and voltammetry 
are widely used in trace element speciation in natural water systems, because of their 
metal-specificity, their high sensitivity and the allowance of direct speciation [5,29-31]. 
Although the specific potentialities of voltammetric techniques for the characterization of all 
kinds of homogeneous complexation reactions of electroactive metal ions have been recognized 
for a long period [32], application of voltammetry to speciation in polyelectrolytic systems is 
quite recent [14,31,33,34]. 

For metal-complexes with sufficiently large association/dissociation rate constants, the vol­
tammetric response will be a function of the diffusion of both the free metal ion and the bound 
metal. In many speciation studies, the diffusion coefficients of the free and the bound metal 
have been assumed to be equal [see e.g. 35, 36], which is a reasonable assumption in the case 
of small complexing agents. However, for macromolecules, such as polymethacrylic acid and 
humic material, the diffusion coefficient of the polyacid is much smaller compared to that of 
the free metal ion [37]. Ignoring this difference will lead to misinterpretation of voltammetric 
data if the complexes are labile. The problem, however, can be tackled by considering the average 
diffusion coefficient, which takes into account the diffusion coefficients of both the free and 
bound metal for simultaneously diffusing labile species. The concept of an average diffusion 
coefficient was already put forward in the early fifties, firstly in the frame of experimental studies 
[38,39] and later on a theoretical basis [40]; the combination of this concept with finite complex 
association/dissociation rates became available in the eighties [33,34]. 

However, the applicability of the recent developped theory is a priori limited to direct vol­

tammetric techniques, such as normal pulse polarography, differential pulse polarography or ac 

polarography. Extension to stripping techniques like differential pulse anodic stripping 

voltammetry is not an obvious matter, since the influence of the effective diffusion coefficient 



on the (pre-electrolysis) current depends on the hydrodynamic and geometrical conditions. 
Although accurate theory is not (yet) available for stripping voltammetries, one may suppose 
that for labile metal complexes the voltammetric current is still a function of the mean diffusion 
coefficient to some power p, which incorporates the mass transport conditions. On a more 
operational level, analysis is then performed by fitting the experimentally obtained voltammetric 
response to this postulated functionality. The present study is concerned with the application of 
this approach to metal ion binding studies in solutions of well-defined synthetic polyelectrolytes 
and naturally occurring ones. 

Although less sensitive than voltammetric methods, conductometry has been shown to be a 
valuable supporting tool in the analysis of metal/polyelectrolyte systems [14,19,41-46]. The 
applicability of conductometry to speciation in polyelectrolytic systems has been known for 
years [41,42]. Conductometry measures the total ionic transport of all charged species in the 
system, but is unable to distinguish directly between the various contributions. For the case of 
monovalent counterions, this problem was first tackled by Eisenberg [41], who varied the nature 
of the counterion, which enabled the estimation of the distribution of counterions over the free 
and bound states. Conductometric analysis of mixed metal/polyelectrolyte systems in terms of 
free and bound counterions became possible by applying the conductivity excess function 
[14,19], which is defined as the negative difference between the specific conductivity of a mixed 
metal/polyelectrolyte system and the sum of the conductivities of the metal salt and the poly-
electrolyte solution before mixing. So far the interpretation of data using this function remained 
more or less qualitative [14]. However, a combination of the Eisenberg procedure together with 
the conductivity excess function does allow the computation of fractions of both monovalent 
and divalent bound counterions [14]. The theoretical treatment of the conductivity of poly-
electrolyte solutions is generally based on a two-state approximation, i.e. the counterions are 
assumed to be either bound to the polyion or free in solution [11,47]. Although this approach 
is an oversimplification of the real situation, it may be operationally helpful and in many practical 
situations it is efficacious. Part of this study will therefore be concerned with the interpretation 
of conductometrically measured counterion distributions in terms of a two-state counterion 
distribution model. 



1.4 Outline of this thesis 

The aim of the present study is to investigate the applicability of conductometric and voltam-
metric techniques in obtaining information on the speciation of metals in systems containing 
macromolecules. Available theory from the literature is validated. For this purpose, the 
interaction of zinc and cadmium with synthetic and naturally occurring polyacids is studied by 
both electrochemical methods. Polymethacrylic and polyacrylic acids are used as model poly-
electrolytes, whereas humic acids are chosen as examples of complexing agents in natural waters. 
The content of the different chapters is given below. 

In chapter 2, the present state of the theory of conductometric analysis of metal/polyelectrolyte 
systems is described. Special attention is paid to the relation between the conductometrically 
measured counterion distribution and the two-state counterion distribution. Furthermore, the 
treatment of conductometric data, resulting into fractions of free and bound counterions, is 
developed for systems containing both monovalent and divalent counterions. 

Chapter 3 deals with the voltammetric speciation of metal/complexes in systems containing 
macromolecular ligands. An electroanalytical procedure for determining the stability of labile 
metal/polyacid complexes under natural conditions is described. The procedure presented takes 
into account diffusion of free and bound metal ions. The influence of two interfering phenomena, 
i.e. adsorption of metal ions on vessel material and protolysis of the macromolecular ligand, are 
discussed in some detail. 

A comparison between conductometric speciation and voltammetric speciation is made in 

chapter 4. For both electrochemical techniques, the typical ranges of application are derived. 

From the analysis of conductometric and voltammetric data for the Zn(II)/polymethacrylate 

system, it is shown that the two methods are to some extent complementary. 

In chapter 5, conductometric and voltammetric speciation data are presented for some 

metal/polyacrylate and metal/polymethacrylate systems. Conductometric fractions of free and 

bound monovalent and divalent counterions are compared to theoretical predictions computed 

from a recently proposed extended counterion condensation model [48]. Stabilities obtained 

from voltammetric complexation curves are presented and discussed with respect to the influence 

of (i) the molar mass of the macromolecules, (ii) the supporting electrolyte concentration, and 

(iii) the charge density of the polyion. 



Chapter 6 deals with the purification and characterization of humic acids. Pretreatment and 

fractionation (based on pH solubility) procedures for the humic acids are described. The humic 

acids are characterized in terms of chargeable groups by conductometric titration and molar 

mass distributions by flow field-flow-fractionation. 

For naturally occurring polyelectrolytes, i.e. humic acids, experimental speciation data are 
presented in chapter 7. The structure of this chapter is similar to that of chapter 5. Analysis of 
conductometric acid-base titrations of humic acids shows that the polyelectrolytic nature of 
these polyacids is (much) less pronounced compared to the synthetic polyelectrolytes PMA and 
PAA. Voltammetric speciation data confirm this behaviour, which is tentatively explained in 
terms of the distribution of charges on the humic acids. Finally the need for future activities in 
this field is outlined. 
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CHAPTER 2 

Conductometric analysis of metal/polyelectrolyte systems 

2.1 Introduction 

Conductometry has become an important tool in the analysis of physicochemical properties of 

polyelectrolyte solutions [1-8]. Classical work up to the mid sixties has been reviewed by 

Kurucsev and Steel [9]. Conductometry measures the transport of all charged species in the 

system studied. The conductance of polyelectrolyte solutions is affected by association of 

counterions with the polyion, which obviously is of primary interest for metal speciation in 

polyelectrolytic systems. However, due to the lack of adequate theory, for quite some time the 

interpretation of conductivity data has remained mainly descriptive. For example, in conduc­

tometric titration curves of humic matter, distinguishable parts have been interpreted as reflecting 

the existence of different types of functional groups [4,10,11], thereby ignoring the electrostatic 

interactions typical of polyelectrolytes. In the seventies, substantial progress has been made in 

the development of the theory of polyelectrolytes, in particular with respect to counterion binding 

and conductivity [2,12,13]. The theoretical developments concerning ion association phenomena 

in relation to their implications for conductivities of polyelectrolyte solutions have been recently 

reviewed by Van Leeuwen et al. [14]. The interpretation of a number of titration curves for 

practical systems could be improved on the basis of the recent theoretical results. For monovalent 

counterions, it is now possible to estimate the distribution of the counterions over the free and 

bound states and to find the conductivity contribution of the polyion-counterion associate (A,,) 

by varying the nature of the counterion [2]. This procedure has been successfully applied to 

polyelectrolytes in mixed electrolyte solutions [6,15]. 

For linear polyelectrolytes of infinite length, the theoretical analysis of the distribution of small 
ions around the polyion can be roughly classified into two categories. One is based on the Poisson 
equation and the Boltzmann distribution, and it gives an hyperbolic tangent decrease of the ion 
concentration as a function of distance from the polyelectrolyte chain [e.g. 16,17]. The second 
is based on a two-state concept, in which the counterions are considered either bound to the 
polyion or free in solution [18,19]. The two approaches have been critically compared by Mandel 
[20]. Although the first approach is more realistic, its practical application is somewhat limited 
by the absence of an analytical solution of the Poisson-Boltzmann equation, except for some 
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special cases [20]. We will mainly follow the two-state concept for cylindrical geometry and 

use Manning's counterion condensation theory [19]. This theory, together with its treatment of 

conductivity, is attractive because it introduces easily applicable concepts and leads to simple 

analytical expressions for various quantities under a variety of different conditions. 

In this chapter we will describe the present state of the theory of conductivity characteristics of 
counterion-polyion systems with special emphasis on association phenomena. As part of it, 
attention will be paid to the relation between the conductometrically measured counterion 
distribution and the two-state counterion distribution. 

2.2 Theory 

2.2.1 Conductometry and counterion distribution 

One may formally express the molar conductivity A of a salt-free polyelectrolyte solution as 

A=f(k° + \) (2.1) 

where 7$ and Ay represent the ionic conductivities of the free counterion in pure solvent and the 

polyion, respectively, and where ƒ is a parameter (0</<1 ) which expresses the extent of reduction 

of the conductivity due to association between the counterions and the polyion. In terms of a 

two-state representation of the counterion distribution, one might refer to ƒ as to the "conduct­

ometrically free" fraction of counterions [6]. This is helpful in practice, but should not lead us 

to ignore the real situation where the degree of interaction between the polyion and the 

counterions gradually varies as a function of distance. 

In the most general situation, where counterion condensation may occur, the counterion dis­

tribution is characterized by the range 

electrostatically trapped ("condensed") » constituent of diffuse » free ion at infinite distance 
by polyion (if sufficiently charged) counterionic atmosphere from polyion 

In the case of a salt-free polyelectrolytic system, the state of the free ion is just the limit for the 
"outer" ions in the counterionic atmosphere. 
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One of the main issues in treating the conductivity of polyelectrolyte solutions is the 

quantification of the contribution from the ions in the diffuse counterionic atmosphere. Manning 

[19] tackled this by starting from the Nernst-Planck equation for the migration of the counterions, 

taking into account the radial part of the inhomogeneity of the electric field around the polyions 

and the steady ionic movement under the influence of the external field. Ignoring the possible 

mobility of condensed counterions along the chain, it was found that for ^»IZJI"1 

^=o.866izir
ir1 G^ur1) (2-2) 

where z( is the valency of the counterion and % is the structural charge density parameter defined 
by 

% = yi (2.3) 

In equation (2.3), / represents the spacing between charged sites on the linear polyion. The 

Bjerrum length /B is defined as the distance between two charges at which the electrostatic 

interaction energy equals kT: 

/B = F2/4jcee0ÄT (2.4) 

where e is the elementary charge, ££<, the permittivity of the solution, k the Boltzmann constant 

and T the absolute temperature. 

The dimensionless coefficient 0.866 in equation (2.2) results from the numerical evaluation of 

the components of the radially inhomogeneous electric field around the linear polyion with 

smeared-out charge. For polyions with Ç<1 and monovalent counterions, the functionality of ƒ 

is a different one (with for Ç=l again/=0.866) 

0 55£2 

/i = 1 " T I X fc£l) (2-5) 
Jt + Ç 

At this point it is useful to emphasize the difference between condensed counterions and 

conductometrically bound counterions. According to the counterion condensation concept [19], 
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Systems are thermodynamically unstable if the charge density exceeds a certain critical value: 

u=iZir (2.6) 

The instability is resolved by association of counterions with the polyelectrolyte chain to such 

an extent that the net value of ^ is reduced to the critical value \zt\'
1. The condensed fraction, ri5 

then equals 

r ^ z r ' d - l / z ^ ) ^ ^ i . (2.7) 

and hence the remaining fraction 1-r, includes both the ions in the diffuse double layer and the 
free ions. The conductometrically bound ions include (at least in Manning's theory) all 
condensed ions, plus some part of the diffuse layer ions. Thus, in the case of monovalent 
counterions, the "free fraction"/is always some fraction of Ç"1 and the bound fraction (1-/) is 
always larger than (1-Ç"1). In a scheme: 

1-4 

4 — 1 

condensed 

double layer 

free 

1 — f 

f 

The expressions for/may be used in combination with equation (2.1 ) and thus serve as analytical 

working equations. Just for illustration, we have titrated several polymethacrylic acid (PMA) 

solutions with LiOH, NaOH and KOH solutions, respectively, in the absence of additional salt. 

In figure 2.1, plots of the molar conductivity of the polyelectrolyte solution A versus X,°, so-called 

Eisenberg plots [1], are presented for various values of % with [PMA]=2.5*10'3 mol.1"1. In 

accordance with equation (2.1) a straight line is obtained, indicating that the interaction of alkali 

metal ions and the polymethacrylate anion is of a non-specific nature. The slopes and the 
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intercepts of the lines in figure 2.1 equal ƒ andfiy, respectively. In figure 2.2, the resulting/ 

values are presented as a function of \ for various concentrations of PMA. The decrease of ƒ 

and, hence the increase of the fraction condensed counterions with increasing charge density of 

thepolyelectrolyte is in agreement with equation (2.7). Furthermore, the independence of/with 

respect to the PMA concentration confirms the typical polyelectrolytic behaviour of the alkali 

polymethacrylate system. 

o 

£ 
o 
ai 

< 

A. .+ A, + 
Li Na V (S.cm2.mol"1) 

Figure 2.1: Plot of the molar conductivity of alkali polyacrylate solutions vs. the molar con­
ductivity of the corresponding monovalent counterion for various charge densities of the 
polymethacrylate anion with [PMA]=2.5*10'3 mol.l"1. 

In figure 2.2, the solid curve represents the fraction conductometrically-free monovalent 

counterions computed with equations (2.2) and (2.5), whereas the dotted curve equals the fraction 

of free counterions according to the condensation approach, i.e. 1-ij. For ̂  values smaller than 

1, the experimental values are well below the theoretical ones. For this range of values of Ç, the 

concentration of free protons may be rather high and, hence, their contribution to the overall 

conductance may become substantial, which is not taken into account in the Eisenberg analysis. 

Furthermore, in this range of £ values the polymethacrylate anion is subject to a conformational 
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transition [21]. For very high values of Ç, the contribution free hydroxyl ions to the conductivity 
starts to participate too. However, under these conditions the problem is less severe, since the 
molar conductivity of OH' is much smaller than that of H+. Nevertheless, for intermediate charge 
density values, the experimental ƒ values seem to be in fair agreement with the theoretical 
predictions. In comparison with the scheme presented for higher charge density values, 
experimental ƒ values approach the fraction free counterions according to the CC concept This 
can be explained by considering the fact that the conformation of the polyelectrolyte expands 
and, hence, the experimental conditions better correspond to the theoretical geometrical 
assumption, i.e a cylindrical array of charges. 

A 

M*J" 

[PMA] mol.l 

8.0* 10"4 

• 
13.5*10"4 

• 

19.0*10"4 

•4 

-1 

25.0*10" 

50.0*10 

Figure 2.2: Experimental values (symbols) and theoretical values of fx as a function of Ç for 
various concentrations of PMA. Solid curve, conductometrically free counterions; dotted 
curve: free counterions according to the counterion condensation approach. 

One may also utilize equations (2.2) and (2.5) for ƒ to derive an analytical expression for X,,. 

This can be done by considering that for ^>1 and monovalent counterions, a fraction 0.866Ç'1 

of the counterions moves "freely" in the applied field, whereas a fraction of (l-O.Sóó)^"1 migrates 

in the opposite direction with the same mobility as the polyion [12]. This may be formulated as 
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- ? = 0.866 -0.134-°- (2.8) 
E u° 

where E and Eea are the applied and the effective field, respectively, and u£ and M° are the electric 
mobilities of the free polyion and the free counterion, respectively. Thus, with «,, being the 
effective mobility of the polyion in the polyelectrolytic system, with «,, / u£ = £efr / E, we have 

0.866«.° 
u= ^ (2.9) p 1+0.134«;/«i0 

For the case that u° ~ —— (randomly orientated, infinitely long cylinders; Ç° is the electrokinetic 

potential of the free polyion and r) is the viscosity of the solvent) and dilute electrolyte systems 
(Ka < 1) we end up with 

0.866HX,°|lnK'fl| 

^ |zi|A,? + 0.134H|lmc'ä!| 

where K' is a modified screening length given by: 

II (*?=7r^ï\ (2-11) 

Here, a is the radius of the polyion cylinder, and H is a standard electrophoretic mobility factor 

defined by: 

4eEo 
H=-^RT (2.12) 

3t| 

where F is the Faraday constant and R the gas constant. In equation (2.11), cp represents the 

equivalent volume concentration of deprotonated groups on the polyion (which equals the degree 

of dissociation ad times the total concentration of groups cT). 
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It is perhaps useful to note from equation (2.10) that one of the main assumptions in the phe-

nomenological approach, viz. that X^ be independent of the nature of the counterion, is exper­

imentally supported by the success of the Eisenberg plots [1]. The term 0.134H | lnic'a | in the 

denominator is of second order and usually less than 10% of the term IzjlX̂ . Hence, X? practically 

cancels in equation (2.10) and the use of the relationship A = ffâ + À,,) is justified. 

2.2.2 Counterion condensation in systems with ionic mixtures 

So far the connection between the conductometrically measured counterion distribution and the 

two-state distribution has been discussed for the salt-free case in the presence of either mono­

valent or divalent counterions. In this section we will extend the theoretical treatment of the 

two-state approximation to polyelectrolyte systems in the presence of mixtures of counterions 

with different valencies. The treatment of conductivity data of these systems will be elucidated 

in the final section of this chapter. 

For the calculation of the fractions of free monovalent and divalent cations, we use the model 
recently proposed by Paoletti et al. [22], which basically follows the model of counterion 
condensation of linear polyelectroly tes as firstly developed by Manning [23]. Briefly, it amounts 
to splitting the polyelectrolytic contribution, g""1, to the total reduced molar excess Gibbs energy 
into two main contributions: 

- a purely electrostatic term, gel, and 

- a reduced molar Gibbs energy of mixing of the non-polyionic species, gnüIt. 

gion = ge. + g m i x ( 2 1 3 ) 

The reduced molar Gibbs energy is defined as: 

g = - ^ - (2.14) 

where n,, is the number of moles of polyionic charged groups (assuming univalency), i.e. cp 

times the volume of the solution. Expressions for gel and g™1 are presented in the Appendix. The 

reference state is a solution at the same temperature, pressure and in the same solvent, containing 

the same type and concentration of all ions, but with the fixed ions being mobile. It is assumed 

that in the presence of counterions with different valencies the total fraction of condensed 

counterions, r, is given by: 
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r = r1 + r2 = 2 -ƒ , -ƒ , (2.15) 

with r, = rxj and r2 = rx2. As before,/t and f2 are the fractions of free monovalent and divalent 

counterions, respectively, and Xj is the mol fraction in the condensation volume according to: 

h 1-fi 

^-r-T^j, <216) 

which implies that £XJ = 1. In the case of monovalent and divalent counterions the effective 
i 

charge is given by: 

q e f f - l - r [x 1 + 2 ( l -x 1 ) ]= l - r (2 -x 1 ) (2.17) 

The system is fully defined by the state variables (temperature, pressure, concentrations of 
solutes), and characterized by the two independent variables r and x, and by the molar con­
densation volume, Vp, expressed in litres per mole of fixed charge (see Appendix). For the 
determination of r, x and Vp it was found convenient to resort to a Gibbs energy minimisation 
procedure, similar to the original one in the treatment of Manning [23]. The minimisation 
conditions have been defined as: 

<tä~ßr\ = 0 (2.18) 

and 

0gion/9x)r = 0 (2.19) 

Equations (2.18) and (2.19) are independent. The minimisation of equation (2.18) results in 

values for Vp and r as a limiting law, which are used to obtain x according to condition (2.19). 

From equation (2.18) it can be derived that in the limit cp —> 0 stability is retained if: 

"(hi'-w^] <2-20> 
It can be easily verified that equation (2.20) reduces to the well-known limiting conditions for 
the two extreme cases of purely monovalent (x=l) and purely divalent counterion (x=0) (cf. 
equation (2.7)). The two variables r and x, can be obtained by the simultaneous solution of 
equations (2.19) and (2.20). 
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2.23 Treating conductometric data 

As stated before, the central assumption in our theoretical treatment is that, conductometrically 

speaking, counterions are either bound to the polyelectrolyte or free in solution: the so-called 

two-state approximation. According to this model [24], the specific conductivity K, of a poly­

electrolyte solution, which consists of negatively charged polyions and several types of 

counterions and co-ions, is formally written as: 

K, = lÄ°Ci+ ^ ( O J + Z P V P <2-21> 

where ct and (c_). denote the analytical molar concentrations of counterions of type i, and co-ions 
of type j , respectively; as before, cp is the equivalent volume concentration of deprotonated 
groups on the polyion; A? and (XI). are the molar conductivities of counterions of type i and 
co-ions of type j in pure solvent, respectively; as before, \ is the molar conductivity of the 
polyion (per mole of deprotonated monomers); /j and fp are fractional distribution parameters. 
Equation (2.21) implies that the co-ions are assumed not be involved in any association reaction 
and are behaving ideally. This means that interactions with the polyions and activity effects are 
negligible, which are reasonable assumptions for dilute solutions and highly charged poly-
electrolytes. 

It is useful to introduce the degree of coverage, 0j, which is defined here as the number of 

conductometrically bound counter charges per charged group on the polyion: 

Zi(l - fie; 

with the charge balance requirement 

/ P = l - X e , (2.23) 
i 

Note that in a salt-free polyelectrolyte solution cp=cx or cp = -c2 for monovalent or divalent 

counterions, respectively. 
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We will now consider two cases: (1) the conductivity of polyelectrolyte solutions with either 
monovalent or divalent counterions under salt-free conditions, and (2) the conductivity of 
polyelectrolyte solutions with ionic mixtures in the presence of co-ions. 

The latter case is of importance for studying the competitive behaviour of counterions with 

different valencies in polyelectrolytic systems. The conditions of the former case are often met 

in conductometric acid-base titrations aiming at the determination of the total number of 

chargeable groups of polyions. For example, polyacid solutions may be titrated with either 

monovalent or divalent metal hydroxide solutions. In addition, the number of apparently bound 

counter charges per charged group on the polyion can be obtained from the titration data. For 

not too strong polyacids, there is a pH range where neither H*- nor OH'-ions are present at 

significant levels. Under these conditions, the neutralization reaction for the supposedly 

monovalent groups with monovalent metal hydroxide solutions can be represented as: 

PH + Nf + OH" -» (PM^)8' " ' + (1 - 0,)lvf + H20 (2.24) 

For the free metal concentration [M+] in the salt-free system, [M+]=(l-0!)cp. Then IQ can be 
expressed as: 

Ks = (l-@l)cp(\ + ri) (2.25) 

Dividing Kj by c^Cp) gives the molar conductivity A of the salt-free solution as expressed by 

equation (2.1). 

For natural water systems, the case of ionic mixtures is of importance and, therefore, we will 
focus here on the titration of an aqueous polyelectrolyte solution (with a monovalent counterion) 
with a solution of a divalent metal salt. For the sake of clarity, according to equation (2.21) the 
specific conductivity for a polyelectrolyte solution containing both monovalent and divalent 
counterions will become: 

K s=/ 1^ 1+/ 2^c 2+/ pVp + ̂ c j (2.26) 

where the subscripts 1 and 2 denote the valencies of the counterions and subscript j refers to the 
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co-ion. As discussed before, in the case of purely electrostatic (i.e. non-specific) interactions, 

fi and A,, values can be determined from Eisenberg plots. Values of f2 can be calculated from 

the conductivity excess function AK,,, defined as the negative difference between the specific 

conductivity of a mixed metal/polyelectrolyte system and the sum of the conductivities of the 

metal salt solution and the polyelectrolyte solution before mixing. For the case of adding 

Me(N03)2 to an alkali metal polycarboxylate solution we have: 

AK, = (/i,0 - A) (ft + \)Cl + (1 - ƒ,) ( ^ + 2 \)c2 (2.27) 

where/1>0 is the fraction of conductometrically free monovalent counterions in the polyelectrolyte 

solution without added 2:1 salt The first term on the r.h.s. in equation (2.27) accounts for the 

liberation of monovalent ions and the second one represents the effects of binding divalent ions. 

With a sufficiently constant \ , the M+/M2+ exchange ratio v is easily computed using 

_A[(/i,0-/1)cJ Ar.c, 

Af2c2 Ar2c2 

This exchange ratio may be expected to be between zero and two. The former limit indicates 

the situation where there is no interaction of monovalent cations with the polyion and activities 

are unity. In terms of the counterion condensation theory, this means that £<£crir The latter limit 

will be observed in the case of complete charge compensation as e.g. predicted for the salt-free 

case by Manning's counterion condensation theory [13]. However, according to Paoletti et al. 

[22], there may be different regimes of charge density values and counterion concentrations, 

where both monovalent and divalent counterions are condensed. This means that under 

conditions of an increase of the concentration of divalent counterions, the number of released 

charges related to monovalent counterions is smaller than the number of charges related to 

condensed divalent counterions. In other words, the exchange ratio v u will often be smaller 

than 2. 
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Appendix 

In the presence of excess salt and under conditions where polyion-polyion interaction is 

negligible, the electrostatic free energy gel of a polyelectroly tic system is given by the counterion 

condensation theory [25]: 

gel=-C(qci)2lnü-e" ,C') (A2.1) 

where q^ is the net charge (i.e. site charge minus counter charge) on each ionized site on the 

polyelectrolyte and K is the reciprocal Debye length. In the case of no condensation, qeff equals 

the polyionic charge. 

For gmix the following contributions of the different non-polyionic species to the change of the 

entropy of mixing are considered: 

gmix=(g1r
d+(g2r

d+(gi)fi,:e+(g2)free+gcoions+gSo1 042.2) 

which according to [22] are written as: 

rx 

(g^H+R.-sg^J;»^ 042.5, 

g - „ = (R1 + 2R J ) ln—i— (,42.7) 
1 'PCP 

gs„, = r (A2.8) 

Ri and R2 stand for the analytical concentrations of the (added) 1:1 and 2:1 salt, divided by cp. 

Thus, (1+Ri) is the ratio between the amounts of monovalent counterions and charged groups 
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on the polymer. Vp is the molar condensation volume expressed in litres per mole of fixed charge. 
Finally, equation (A2.8) takes into account the lowering of the concentration of ions of the 
solution. 
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CHAPTER 3 

Stripping voltammetry of metal complexes 

with macromolecular ligands 

3.1 Introduction 

The electroanalytical chemistry of metal complexes is a classical subject. Already in the early 
days of polarography, the Czechoslovak school of Heyrovsky [1] drew attention to the poten­
tialities of voltammetric techniques for the characterization of all kinds of homogeneous 
complexation reactions of electroactive metal ions. Nowadays voltammetry has become a most 
important tool in environmental metal speciation studies. This is especially true for stripping 
voltammetry since this technique allows direct speciation measurements in samples with metal 
ion concentrations down to sub-ppb levels. Generally, in voltammetric techniques the response 
is the result of transport of the different species to the surface of the electrode. In the case of 
macromolecular natural ligands, the interpretation is more difficult due to 1 ) differences between 
the diffusion coefficients of the free and the bound metal ions, 2) the chemical heterogeneity of 
the ensemble of ligands, 3) the possibly involved kinetics of the association/dissociation reac­
tions and 4) possible adsorption of the ligand and the complex at the surface of the electrode. 
The consequences of these features will be discussed below. 

The dynamic behaviour of a metal complex is determined by the ratio between the time scale 

of the experiment (f) and that of the association/dissociation process of the complex involved. 

On the basis of this ratio, three characteristic regimes can be distinguished (see figure 3.1): 1) 

the static, 2) the semi-dynamic and 3) the dynamic regime. In the static regime, dissociation 

during the period t is negligibly small and, therefore, there is no significant contribution to the 

current. The latter is then simply a direct measure of the free metal ion concentration in solution. 

This type of complexes is often called inert. When one is interested in the speciation of free 

ions, this would be a rather ideal situation which, unfortunately, is not frequently met with natural 

metal complex systems. In the semi-dynamic regime, the average life-times of the complex and 

the free metal have an order of magnitude comparable to that of t. For this regime the current-time 

relation is quite involved, as pointed out by De Jong et al. [2] and will be not discussed in detail 

here. Finally, in the dynamic regime, i largely exceeds the average life-times of the free metal 

ion and complex. 
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Figure 3.1: A schematic representation of the characteristic regimes of metal complex systems 
as determined by the ratio between the time scale of the experiment (r) and the association-
/dissociation process of the complex involved, if, denotes the association rate constant 
multiplied by the concentration of the ligand; kd is the dissociation rate constant; J^ and J ^ 
denote the contribution to the flux under purely kinetic and purely diffusion controlled 
conditions, respectively. Further explanation in the text. 

Here, the chemical state of the metal changes many times during the experiment. For this regime 

two interesting limiting cases can be observed: 1) the non-labile and 2) the labile situation, 

defined in figure 3.1 and further explained in the theory below. For the non-labile situation, the 

current has a purely kinetic character and the association/dissociation kinetics of the complex 

involved are crucial in the interpretation of the experimental data. Under labile conditions the 

current becomes purely diffusion-controlled and calls for the introduction of the mean metal 

diffusion coefficient of the complex system (see below). For the case of excess of ligand over 

total metal, De Jong et al. [2] have derived the criterion of lability of such a complex system. 

On the same basis, a lability criterion has been derived for the steady-state situation that holds 

for the usual stripping voltammetric conditions [3,4]. 
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In the absence of any complexing agents, the voltammetric response of a metal ion solution is 

directly related to the diffusion coefficient of the metal ion involved. Under sufficiently acidic 

conditions (where hydrolysis and/or precipitation are absent) the current refers to the total metal 

ion concentration. In the presence of macromolecular ligands under complexing conditions, one 

has to deal with the simultaneous transport of the free metal ions, the complex and the ligands. 

This is so because the consumption of metal at the electrode surface may be accompanied by 

dissociation of the metal complex in the diffusion layer. As pointed out above, the voltammetric 

response may then become a function of both the free and the bound metal ion concentration 

depending on the regime. In the dynamic regime, under labile conditions where a purely 

diffusion-controlled current is obtained, it is mandatory to use the overall mean diffusion 

coefficient (D ) of the complex system. This is simply a weighted average of the diffusion 

coefficients of the different species. In this way, the differences in diffusion coefficients of the 

free and the bound metal ions are taken into account. Large differences in diffusion coefficients 

of the different species are often met in natural systems [5]. In these samples, which contain 

complexing agents such as fulvic and humic acids, the ligands are much larger than the free 

metal ions and consequently their diffusion coefficients are appreciably smaller. 

Furthermore, adsorption of the metal complex at the surface of the electrode can (seriously) 

affect the regular shape of the voltammogram [e.g. 6,7]. As a consequence of adsorption, metal 

will be accumulated at the electrode and may become available for reduction. The extent to 

which this occurs depends on, for instance, the rate of dissociation as discussed above. Disre­

garding adsorption can lead to misinterpretation of the voltammetric current and may result in 

incorrect conclusions regarding the stability of the metal complex system. For example, in normal 

pulse polarography the occurrence of a maximum suggests possible adsorption as shown by 

Cleven [7] for the Pb-humic acid system. In this case adsorption may be avoided by using reverse 

pulse polarography, where the flow of a limiting current during the pre-pulse period prevents 

accumulation of the depolarizer at the electrode surface. 

Finally, for natural samples, the complexing agents involved are often of a polyfunction^ and/or 

polyelectrolytic nature, so that their affinity to metal ions is a function of the actual metal-to-

ligand ratio. As a consequence of the this heterogeneity the complex formation cannot be 

described anymore by a single stability K. This problem requires the introduction of equilibrium 

complexation distribution functions, which describe the probability of finding a site forming a 

complex with a particular value of the stability constant. The final mathematical expressions 
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for these distribution functions depend on use of the choice of the binding spectrum used, for 

instance that by Freundlich. Recently, the effects of chemical heterogeneity of a metal complex 

system on Polarographie curves have been subjected to a first analysis [8,9]. 

In this chapter we will present an electroanalytical procedure for determining the stability of 

labile heavy metal/polyacid complexes under natural conditions (i.e. low concentrations of both 

the metal ion and the polyacid, intermediate pH values and various concentrations of elec­

tro-inactive electrolyte). Attention will be paid to the lability criterion which is essential for the 

voltammetric analysis of the complexes involved. The consequences of adsorption of metal ions 

on vessel material and protolysis of the macromolecule are also taken into account Appropriate 

ways to deal with these complications will be discussed in some detail. 

3.2 Theory 

For the case of a reversible electrode reaction, the mass transport of metal ions from the bulk 
solution to the electrode surface characterizes the voltammetric conditions. We consider the 
simplest complexation scheme in which an electroactive metal ion (denoted as M; charge omitted 
for simplicity) associates with a ligand or site (L) to form an electroinactive complex (ML): 

WL°^^- WL -+- L ^ ^ M L (3.1) 

Simultaneous effects of differences in diffusion coefficients and limited association/dissociation 

rates have been analyzed in some detail [2], In this complexation scheme, M° denotes the metal 

atom and &, and kd are the association and dissociation rate constants, respectively. The com­

plexation equilibrium in the bulk is expressed by the stability K: 

K=^-, (3.2) 
CMCL 

where c^, c^ and c^ denote the bulk concentrations of M, L and ML, respectively. When a large 

excess of ligand is present (cl » cj(= c^ + c^)), the association becomes quasi-monomolecular 

with a rate constant 
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k\ = ktci (3.3) 

The corresponding stability K' is then the ratio between bound and free metal 

k' r' 
K' = -± = -^ (3.4) 

Only under certain conditions can the stability be obtained from the complexation curve, i.e. 

the voltammetric response of a metal ion solution as a function of the ligand concentration. First, 

the system must be voltammetrically labile, meaning that the rates of the association/dissociation 

reactions (3.1) must be sufficiently fast to maintain equilibrium for any relevant value of the 

space and time as defined by De Jong et al. [2]. Second, there must be a large excess of the 

complexing agent over the metal. Then, a constant ratio between bound and free metal is attained 

over the whole voltammetric diffusion layer. This is necessary to ensure a constant (mean) 

diffusion coefficient from the bulk of the solution to the surface of the electrode. 

For the dynamic case, the lability criterion for a complexing system with an excess of ligand is 

given by [2] 

*d
1/2e~1/2(e~I+Ol/2 

—T^ ^— » 1 (3-5) 
K\\ +Kfa 

where E=£>MI/DM. Equation (3.5) expresses that the lability of the complex increases with 
decreasing AT and decreasing e at constant effective times of the dynamic experiment. If condition 
(3.5) is not fulfilled, kinetic effects resulting from limited association/dissociation rates play a 
(crucial) role. Then analysis of the voltammetric response becomes quite involved [2]. In the 
case the l.h.s. of equation (3.5) becomes « 1, the system is referred to as non-labile. Under 
non-labile conditions, the voltammetric response will be purely controlled by the kinetics of the 
system. 

On the same basis, a lability criterion can be derived for the steady-state situation that holds for 

the usual stripping conditions. The expression parallel to equation (3.5) is [3,4] 
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jfc1/28 
' „ „»1 (3.6) 

where 8 is the thickness of the diffusion layer, which is a function of £>ML. For the case of a 

rotating disk electrode (RDE) and under conditions that eK'»l, the Levich equation [10] can 

be used 

S=1.61D!^a)-1V/6 (3.7) 

where co is the angular rotation frequency and v the kinematic viscosity of the solution. From a 
theoretical point of view, planar electrodes (solid or with a thin film of mercury) are preferable 
over mercury drop electrodes. This is so since, in the planar case, the hydrodynamic conditions 
are much better defined and the low volume/area ratios of film electrodes result in favourable 
accumulation efficiencies. On the other hand, reproducibility of the surface is much better for 
the approximately spherical mercury drop electrodes. In this study, we have used the hanging 
mercury drop electrode (HMDE). For this geometry the exact theoretical relationship between 
8 and DML is uncertain, and hence, we cannot (rigourously) determine the former quantity. For 
this case we are using an approximate procedure. 

3.2.1 Voltammetric current 

Since the relationship between voltammetric current and mass transport properties under 

stripping voltammetric conditions with a HMDE is not yet well established, an alternative for 

practice is to fit the experimentally obtained current to some postulated functionality with respect 

to the mean diffusion coefficient (D). To that end, for a labile metal complex system, the 

pre-electrolysis current (IJ is formally written as: 

I°cß*c; (3.8) 

with 

D = (c'M/c'T)DM + (C^/C^DML (3.9) 
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which actually incorporates the speciation of the available metal over the species M and ML. 

The power p is related to the nature of the mass transport during the pre-electrolysis step. For 

example, it is 1/2 for semi-infinite linear diffusion and 2/3 for laminar convective diffusion [10] 

(cf. equations (3.5) and (3.6), respectively). For stripping voltammetries equation (3.8) has been 

shown to work well enough [11]. The operational value of p varies with geometrical conditions 

and the mode of stirring. Usually p is found between 1/2 and 2/3 [11]. The concentration of 

metal inside the mercury drop, which is linearly proportional to the reoxidation peak current 

(I), will be also proportional to the pre-electrolysis current and time (tj: 

Let us define O as the ratio between the reoxidation peak current for the complex system and 

the reference peak current under conditions of no complexation. Combination of equations (3.2), 

(3.8), (3.9) and (3.10) then gives: 

-(F i+Kc: 
(3.11) 

Equation (3.11) yields dependencies of O on c^ as presented in figure 3.2. Due to increase of 

Kc^, <J> will decrease with increasing ligand concentration for e<l. Distinction can be made 

between three regions with different information content with respect to the different parameters 

in equation (3.11). Region A is most sensitive to the complex stability K. In fact, 0 is most 

sensitive to K if Kc[~l (for mathematical details see the Appendix). This implies that the 

applicability of the experimental procedure largely depends on the analytically feasible ranges 

of the concentration of the ligand involved. If ligand concentration levels of 10"8 to 10"3 mol.1"1 

are being taken as realistic under SV experimental conditions, it means that roughly the range 

of 103<AT l.mol^lO8 can be covered. It is useful to note here that section A of the complexation 

curve is not very sensitive to p. This is of importance because it implies that uncertainties in p 

have only little influence on the evaluation ofK. This aspect will be explained in more detail in 

Chapter 5. The value of p has its greatest influence on the shape of the curve in region B. The 

diffusion coefficient ratio e dominates in region C, the tail of the complexation curve. From 

equation (3.11) it is immediately clear that for Kc^»l, C> approaches the limit ep: 


