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ABSTRACT 
 

Dissolved organic matter (DOM) is well known for its strong binding capacity for trace 
metals. In order to better predict the role of DOM in the speciation and transport of trace metals 
in the environment capillary electrophoresis (CE), a molecular separation technique, was coupled 
to a Sector Field Inductively Coupled Plasma Mass Spectrometer (SF-ICP-MS). The 
combination of these two techniques allows for the study of non-labile metal speciation in 
aquatic samples. An extensive theoretical analysis of metal-ligand separations on the molecular 
scale of a CE experiment was combined with numerical simulations and experimental tests to 
assure accurate quantitative results. It was found that the susceptibility of metal-ligand 
complexes to dissociation during a CE separation can be conveniently captured with a theoretical 
approximation of complex half-life. Complex half-life, thus is proposed to serve as a tool for 
assessing the likeliness of quantitative artifacts in CE-ICP-MS. By separating lanthanide 
complexes with EDTA and Humic Acids (i.e. strong stable ligand competition) we have been 
able to determine equilibrium binding constants for all 14 stable rare earth elements (REEs), Sc 
and Y with Suwannee river fulvic acid (SRFA) and Leonardite humic acid (LHA) at near 
environmental conditions (pH 6-9, 0.01 – 0.01 mol.L-1 NaNO3, 100 nmol.L-1 Ln, 10 mg.L-1 HS). 
Conditional binding constants for LnHS (Kc) were found to increase gradually by 2-3 orders of 
magnitude from La to Lu. This increasing relative affinity reflects the lanthanide contraction, a 
basic chemical property of the REEs related to the gradual decrease in ionic radius from La to 
Lu. LogKc values were found to gradually increase with increasing pH and decrease with 
increasing ionic strength. Additionally, LHA logKc’s were on average 1.5 log units higher than 
SRFA logKc’s with a total range of 9.0<logKc<16.5 for all REEs under all experimental 
conditions. These results confirm HS to be strong complexing agent in natural systems, and for 
the first time show experimental evidence for REE fractionation by HS complexation. The 
differential binding strength among the REEs towards HS provides a means to fractionate REEs 
in the aquatic geochemical cycle including weathering, river transport, and estuarine and open 
ocean processes. In order to provide for a flexible means to study these processes, the 
experimental data was fitted with the Non Ideal Competitive Adsorption (NICA) – Donnan 
model, that predicts continuous metal-HS speciation as a function of pH and IS. The NICA-
Donnan model itself is included as an object in ORCHESTRA (Objects Representing Chemical 
Speciation and Transport), a novel reactive transport speciation program that can couple HS – 
particle – metal interactions in a competitive way and along multi-dimensional gradients.
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CHAPTER 1 
 
 

INTRODUCTION AND BACKGROUND 
 
 
 
 

1.1 Introduction 

 

This dissertation represents four years (1999-2003) of full-time research in a novel 
analytical chemistry field: The coupling of a molecular separation technique to an advanced 
mass spectrometric detector. In the 1990’s scientists in the interdisciplinary fields of low T 
geochemistry, oceanography and biochemistry became increasingly aware of the need for 
quantitative molecular information of chemicals in our environment (waters, soils, intra-cellular 
fluids). In order to assess the nutrient or toxicant status of a specific inorganic element like lead, 
iron or mercury it is not sufficient to know ‘how much’ resides in soils, waters or sediments. We 
need to ask the additional question ‘in what molecular form” these inorganic elements are 
present in order to predict their effect on ecosystems. Therefore the established quantitation 
technique for inorganic elements, Inductively Coupled Plasma Mass Spectrometry (ICP-MS), 
which aims at determining ‘how much’, was adapted by interfacing it with a technique that 
physically separates the ‘different molecular forms’ before ICP-MS detects them. In choosing a 
separation technique we had to take into account the inorganic character of the elements we were 
interested in (trace metals) as well as the medium these metals are present in (water). Capillary 
electrophoresis (CE) was chosen as a molecular separation technique, because of its ten-fold 
higher separation resolution over High Performance Liquid Chromatography (HPLC), its 
separation medium consisting of water (HPLC often involves large fractions of organic liquids 
that are less compatible with plasma ionization and not representative of earth’s surface 
environment) and the low-cost CE infrastructure. The fact that ICP-MS is an almost universal 
inorganic detection technique (the majority of elements in the periodic system can be detected at 
sub ppb levels) gave it an enormous potential advantage over other detection techniques such as 
chemiluminescence, Ion Selective Electrodes (ISE), Anodic Stripping Voltammetry micro-
electrodes, Electron Paramagnetic Resonance (EPR) and Nuclear Magnetic Resonance (EPR), 
Laser Induced Fluorescence Spectroscopy (LIFS) which are often limited to a small selection of 
specific elements or molecules and/or non-specific. 
 At the start of this research project, 1999, the first successful coupling of CE with ICP-
MS (CE-ICP-MS) was only four years old, Olesik et al. (Ohio State University) being the first to 
measure molecular forms of metals in solution (metal speciation) by CE-ICP-MS (Olesik et al., 
1995). Their CE-ICP-MS interface was still suffering from numerous drawbacks and many 
studies since 1995 have been devoted to optimizing the analytical interface between CE and ICP-
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MS, while less applied research was published. Our initial objectives were therefore to couple 
the two techniques according to published designs and focus on developing methods to quantify 
metal speciation relevant to geochemistry, such as the role of dissolved organic matter (DOM) in 
the speciation of nutrient and toxicant metals. These objectives were quite broad and proved to 
continuously change along with the investigations. The structure of this dissertation is therefore 
not so much guided by the initial objectives, but rather by the collective experience of four years 
of intensive research. Much trial and error experimentation led to the identification of one key 
issue, “how to determine accurate quantitative metal speciation” and resulted in the decision to 
integrate theory, numerical simulations and experimentation to achieve this goal. 
 Six separate chapters report on the essential results generated by this approach and are 
formatted as scientific publications (except Chapter 1) for efficiency. Chapters 2-6 only differ 
from their (to be) published counterparts in several small additions and omission of abstracts. 
Chapter 1 gives an introduction to the coupled analytical technique CE-ICP-MS and an overview 
of the state of the art aquatic speciation software and humic substances (HS) polyelectrolyte 
models. Humic acids (HA), together with fulvic acids (FA) will be collectively addressed as HS. 
Humic and fulvic acids are the predominant subset of DOM in the natural environment and were 
the focus of the experimental studies. Chapter 2 reports on the development of an experimental 
ligand competition method to determine Rare Earth Element (REE) – fulvic acid (FA) 
conditional binding constants and outlines a series of tests to identify potential artifacts in the 
quantification of metal speciation. Chapter 2 is currently submitted to the Journal of Analytical 
Atomic Spectrometry. Chapter 3 describes a numerical model that was developed to predict the 
extent of band broadening due to siphoning (laminar flow) as well as the important role of ICP-
MS spray chamber volume in post-CE band broadening (Sonke et al., 2003). Chapter 4 outlines a 
theoretical approach, based on the kinetic framework of metal complexation and dissociation, to 
evaluate disequilibrium artifacts during CE separations. CE is a typical disequilibrium separation 
technique (after separation analyte zones are in disequilibrium and potentially reactive) that may 
have large consequences for quantitative measurements, depending on the application. A 
convenient equation to determine a metal-ligand complex half-life is formulated that is of great 
help in experimental design. The numerical model of Chapter 3 is expanded in Chapter 4 into a 
fully reactive transport model that simulates the reactivity of metals, ligands and metal-ligand 
complexes during a CE-ICP-MS experiment. The simulations give more insight into metal-
complex stability during a CE separation and indicate that metal-HS complexes are extremely 
resistant to disequilibrium bias. The simulation results are accompanied by experimental results 
and a method is outlined to extract kinetic rates of formation and dissociation of metal-HS 
complexes. Chapter 5 summarizes the bulk of the experimental results on equilibrium 
experiments of Sc, Y and all 14 REEs with FA and HA. Conditional equilibrium binding 
constants of REE-HA and REE-FA are shown to increase with increasing REE atomic number 
(decreasing ionic radius), a reflection of the well-known lanthanide contraction phenomena. This 
is the first comprehensive metal binding dataset between REEs and DOM, and will be a step 
forward in explaining REE cycling in aqueous systems, including aquifers, rivers, estuaries and 
oceans. The increasing binding strength of heavy REEs with DOM provides for a an equilibrium 
fractionation mechanism that may explain features of the global geochemical REE cycle such as 
fractionation related to weathering, estuarine mixing, and REE scavenging in the deep ocean. 
The experimental dataset has therefore been interpreted with the Non-Ideal Competitive 
Adsorption – Donnan (NICA-Donnan) model. The NICA-Donnan model allows REE-HA 
binding to be predicted as a function of pH and Ionic Strength and was recently incorporated into 
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the novel chemical speciation code ORCHESTRA (Objects Representing Chemical Speciation 
and Transport (Meeussen, 2003)). The implication of our findings is that in the future all possible 
interactions between REEs, HS and inorganic (mineral) colloids can be simulated by reactive 
transport speciation models such as ORCHESTRA. By calibrating the potential interactions to 
field observations (inverse modeling), the key parameters that determine the fate and transport of 
REEs and metals in general can be identified and quantified and used in forward models that 
predict effects of natural and human induced environmental change on global metal cycling. 
 Lastly, Chapter 6 summarizes experiments conducted in collaboration with colleagues at 
Oak Ridge National Laboratory (ORNL). By using the unique potentiometric methods developed 
at ORNL we have attempted to determine detailed proton binding behavior of Suwannee river 
fulvic acid as a function of pH, ionic strength and temperature (25-100 ºC), with the goal to 
better understand the influence of pH (proton binding) on metal binding. Due to experimental 
difficulties the ORNL experimental data is still under evaluation and we are currently involved in 
method development and improvement. 
 
 

1.2. Ion binding by humic substances. 

 
Proton and metal binding by humic substances (HS) has been empirically approximated 

by a wide variety of conceptual binding models, based on 1 to 8 different binding sites. A 1-site 
model reflects conditional binding constants that are only valid at a particular set of 
environmental conditions (pH, temperature, ionic strength), while multiple binding sites are 
invoked in the more sophisticated polyelectrolyte models that describe binding behavior as a 
function of pH and ion strength. The maximum of 8 different binding sites is used in Tipping’s 
Humic ion-binding model VI and represents an equally spaced range of discrete affinity binding 
sites (Tipping, 1998). This model also allows the formation of bi- and tri-dentate sites as a 
combination of the 8 different sites. This results in a theoretical maximum of 36 different 
bidentate and 120 different tridentate sites that can be invoked to explain metal binding. Table 
1.1 contains a literature overview ordered by nr of binding sites, of publications dealing with HS 
model concepts and lanthanide-HS interactions. For literature concerning other metals-HS 
interactions the reader is pointed to the recent publication by Milne et al. (2003), which analyzes 
171 individual metal-HS datasets. 
 Interest in modeling metal-HS interactions dates back to the late 1950’s, when proton 
metal competition was first recognized from pH titration curves (van Dijk, 1959). A first attempt 
to explain ionic strength effects on protonation by electrostatic effects was made by Stevenson 
(Stevenson, 1976) during a period where conditional binding constants were favored (Bresnahan 
et al., 1978; Schnitzer and Skinner, 1967). Before metal-humic binding can be addressed, proton 
binding has to be understood. Protons are an omni-present competitor with metal ions and originate 
from the dissociation of the dissolution medium H2O. Ion interaction models of HS therefore need 
to be capable of addressing protonation behavior, metal binding as well as ion competition for HS 
binding sites within one conceptual ion interaction framework. Most polyelectrolyte models for HS 
try to achieve this by interpreting the affinity of HS for ions in general (protons and metals), as the 
result of an intrinsic and an electrostatic affinity. The intrinsic part describes the specific, non-
coulombic ion binding by humics, whereas the electrostatic part describes the long-range 
coulombic interactions that affect all ions equally. 
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Two of the polyelectrolyte models have started to stand out from the others in terms of 
accuracy, number of applications and incorporation in existing speciation codes. These are 
Tipping’s Humic ion-binding models V and VI, developed at the Center for Ecology and 
Hydrology (UK) and the NICA-Donnan model developed at Wageningen University (The 
Netherlands). These two models have been shown to simulate metal-HS binding equally well, 
despite large conceptual differences. Model VI is perhaps the most empirical of all HS models, 
with 8 pre-set binding sites and a Donnan-type (Marinsky, 1987) hard sphere electrostatic model, 
whereas NICA-Donnan is less empirical, with two binding sites coupled to an electrostatic 
Donnan gel model that simulates swelling and shrinking of HS as a function of IS. Both models 
use a Donnan-type electrostatic correction, which is based on counter ion charge neutralization 
of the HS, because it is less numerically intensive than solving the Poisson-Boltzmann equation 
and therefore compatible with reactive transport software (Kinniburgh et al., 1999). We have 
chosen the NICA-Donnan model to interpret our metal binding experiments for two reasons: 1) 
the NICA-Donnan model describes metal binding in an intuitive way, using only the two most 
commonly observed binding sites (carboxylic and phenolic) and a physicochemically realistic 
electrostatic model. Compared to model VI, which is based on a larger number of empirical 
parameters, the NICA-Donnan model is more intellectually pleasing. 2) The NICA-Donnan 
model has always been available as freeware in the non-linear fitting software FIT (Kinniburgh, 
1993) and has recently been incorporated in the aquatic speciation program ORCHESTRA 
(Objects Representing Chemical Speciation and Transport, (Meeussen, 2003)), also available as 
freeware. Model V has been incorporated in the freeware aquatic speciation program WIN 
Humic V (Gustafsson, 1999), yet its successor, model VI, is only available in the commercial 
speciation program WHAM (Windermere Humic Aquatic Model), available from the Center for 
Ecology and Hydrology in the UK. 
 
Table 1.1. Literature overview of HS models arranged by number of binding sites. 
1-site (Bidoglio et al., 1991; Brown et al., 1999; Caceci, 1985; Czerwinski et al., 1996; 

Ephraim et al., 1989; Franz et al., 1997; Kim and Czerwinski, 1996; Maes et al., 
1988; Maes et al., 1991) 

2-site (Avena et al., 1999; Benedetti et al., 1995; Benedetti et al., 1996b; Bresnahan et al., 
1978; Christensen et al., 1998; Dewit et al., 1993; Dewit et al., 1990; Filius et al., 
2000; Filius et al., 2003; Kinniburgh et al., 1996; Kinniburgh et al., 1999; Milne et al., 
1995; Milne et al., 2003; Perdue and Lytle, 1983; Perdue et al., 1984; Pinheiro et al., 
1999; Ritchie and Perdue, 2003) (Bowles et al., 1994; Fiol et al., 1999) 

3-site (Bartschat et al., 1992; Fish et al., 1986; Hering and Morel, 1988; Lopez et al., 2001) 
4-7-site (Cabaniss and Shuman, 1988) 
8-site : (Christensen et al., 1998; Lead et al., 1998; Peters et al., 2001; Tipping, 1993; 

Tipping, 1994; Tipping, 1998; Tipping and Hurley, 1992; Tipping et al., 1990; 
Tipping et al., 2002) 

 
 
 

1.3. NICA-Donnan Humic Substances Model 

 
In the NICA-Donnan model the NICA equation deals with the intrinsic affinity and the 

Donnan gel model deals with the electrostatic affinity. In addition the intrinsic interactions between 
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ions and humics have been split into an intrinsic heterogeneity contribution (a property of the 
humic substance) and an ion-specific non-ideality contribution (a property if the ion), in order to 
describe thermodynamically consistent competitive metal binding in multi-component systems. 

The thermodynamically consistent NICA-Donnan model was developed and improved 
upon in several publications (Dewit et al., 1990; Kinniburgh et al., 1996; Koopal et al., 1994; 
Rusch et al., 1997), leading to the final NICA expression (Kinniburgh et al., 1999):  
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expressing the total (t) amount bound, Q, of a component i, at solution concentration ci and 
Donnan gel concentration cD,i. For a detailed derivation and explanation of Eq. (1.1), see 
Appendix A.2 Q is the sum of two identical binding expressions, one for the carboxyl-type 
distribution (site 1) and one for the phenol-type distribution (site 2) and applies to both FA and 
HA. A total of four parameters characterize HS in the NICA model: Qmax1,H and Qmax2,H, the 
maximum proton site densities (mol.kg-1) and p1 and p2, representing the width of the 
distributions and thus reflecting the heterogeneity of HS. Four additional ion-specific parameters 
are required for each component, i, to describe the binding affinity for HS: Ki1, Ki2, ni1 and ni2, 
which are respectively the median binding affinities (constants) and non-ideality descriptors of 
ion binding to the distributions. 
 The NICA equation (1.1) describes the intrinsic interactions with HS. The additional non-
specific electrostatic ion binding affinity is approximated by long-range Coulombic 
approximations such as the Donnan model (Marinsky, 1987). The electrostatic interactions 
describe three aspects of ion binding: (i) the ionic strength dependency of ion binding, (ii) the 
magnitude of non-specific ion binding related to the residual negative charge of HS and (iii) the 
possibility of long range interactions, where binding to carboxyl sites affects binding to phenolic 
sites by changing the overall electrostatic potential. In simple terms, a microscopic binding event 
of one single ion to one single HS binding site, decreases the overall electrostatic potential by a 
finite amount, and thereby lowers the overall binding affinity of all residual binding sites towards 
ions. On a mesoscale, an increase in ionic strength results in a many ions neutralizing the HS 
charge, such that the overall affinity towards additional ions may decrease by two orders of 
magnitude. The Donnan model that is applied within the NICA-Donnan concept is assumed to 
behave like a permeable gel (as opposed to hard-sphere models) that allows counterions (IS) to 
accumulate and neutralize the charge of the HS. Counterions accumulation creates a Donnan 
potential, D, that defines the relation between the concentration of a component i in the bulk 
solution, ci and the concentration of component i in the Donnan gel phase, cD,i (Kinniburgh et al., 
1999) via a Boltzmann factor : 
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iiD cc ×= χ,           (1.2) 

 
with 
 

)/exp( kTDψχ −=          (1.3) 

 
where k is the Boltzmann constant (1.380 x 10-23 J.K-1) and T is the temperature (K). Because all 
of the local ion concentrations (cD,i) influence the specific binding, the NICA sub-model and 
Donnan sub-model are interrelated and solved simultaneously by iteration. Additionally, the 
Donnan sub-model requires a Donnan volume, VD (L.kg-1) that defines the spatial extent of the 
electrostatics and that changes as a function of IS, given by the empirical relationship (Benedetti 
et al., 1996a; Kinniburgh et al., 1999): 
 

1)log1(log −−= ISbVD         (1.4) 

 
where b is an empirical parameter describing the change in VD as a function of IS. VD needs to 
be known in order to express counter ion concentrations, cD,i. Once  has been determined for 
counterions (major ions), it can be applied to protons and trace metals (Ln’s) with the same Eq. 
10. Positive values of b force the Donnan volume to decrease with increasing IS, much alike the 
physical swelling and shrinking of HS and clays or the denaturing of proteins. An important 
assumption is that that the Donnan potential is represented by a smeared-out average potential 
throughout the Donnan volume. For FA’s, the Donnan volumes have been shown to be 
unrealistically large (1-80 L.kg-1) and are therefore interpreted as to include the electrical double 
layer around FA. For HA the Donnan volume approximates realistic, experimental values (0.5-5 
L.kg-1) (Benedetti et al., 1996a). Due to this mismatch of experimental and model Donnan 
volume for FA, the NICA-Donnan model has lost some if its ‘realistic’ appeal and taken a step 
closer to the majority of empirical models. A study by the Wageningen group of an electrostatic 
model based on the impermeable-sphere concept for humics has yielded an improved ‘realistic’ 
description that matches experimental observations for HA and FA size properties 
(hydrodynamic volumes and radii) (Avena et al., 1999), yet no real effort has been made to 
switch the Donnan gel model for the impermeable sphere model. Application of the NICA-
Donnan model has resulted in generic fitting parameters that without experimental characterization 
are capable of approximating proton binding and thus charging behavior to within 10-15% for 
unknown HS. In the presence of accurate titration curves HS charging behavior could be 
reproduced with r2 of 0.996 or better (Milne et al., 2001). In collaboration with Oak Ridge National 
Lab, we have set out to determine such accurate titration curves with the goal to combine these 
with metal binding information from CE-ICP-MS experiments, to achieve accurate descriptions of 
metal-HS interactions. 
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CHAPTER 2 
 
 

DETERMINATION OF NEODYMIUM–FULVIC ACID BINDING 
CONSTANTS BY CE-ICP-MS. 

 

 

 

 
2.1. Introduction 

 
Capillary Electrophoresis (CE) has seen a rapid ascent to fame in separations science 

since its platform based introduction in the 1990’s and subsequent use in the genome project. 
The main force behind its succes is a potentially 50-fold higher separation efficiency than HPLC 
due to absence of laminar flow (Haddad, 1997), short analysis time and low sample volume. 
Recent reviews identify MS as the most promising detection system, yet also emphasize the 
scarcity of trace speciation studies due to high detection limits (mid ug/L range, (Timerbaev, 
2002). Sector Field Inductively Coupled Mass Spectrometry (SF-ICP-MS) with its inherent high 
sensitivity and isotope specificity is at the frontier of these developments attaining for example 
0.7 µg/L (4 nM) LOD’s for Lanthanides (Day et al., 2000a). Nonetheless, after the initial 
coupling of CE to ICP-MS (Olesik et al., 1995) and the development of the sheath flow 
interface(Lu et al., 1995) a strong emphasis in the field of CE-ICP-MS has been on interface 
development, qualitative separation of analytes, fingerprinting and achievement of maximum 
resolution(Barnes, 1998; Majidi, 2000) and less so on quantitative applied analysis 
(Schaumloffel et al., 2002). Despite the traditional use of CE for investigating complex forming 
equilibria (Janos, 1999), few quantitative CE-ICP-MS studies have specifically been attempted 
to determine equilibrium binding constants or kinetic rate constants, most likely due to the 
susceptibility of measured speciation to inaccuracies; i.e. measured speciation does not reflect 
initial equilibrium speciation. 
 The reason behind the susceptibility of CE to artifacts relates to it being a dis-equilibrium 
speciation technique (Janos, 1999); i.e. in order to measure species one has to disturb the initial 
chemical equilibrium by physically separating the species from one another in space. This 
requires a certain stability of the species of interest, that is defined by the time scale of the CE 
experiment (on the order of seconds to minutes). In the biochemical CE applications like the 
separation of proteins and amino acids, species stability is less of an issue, as the species of 
interest are not in chemical equilibrium with one another. It is then adequate enough to buffer pH 
and IS conditions during the separation to achieve separation and speciate a sample. With CE 
coupled to a mass sensitive detector however, objectives shift towards detecting metal species 
that are potentially involved in a web of chemical interactions with widely variable time scales. 
If, for example, one’s goal is to speciate and detect the free (M) and complexed form (ML) of a 
metal then the stability of these species in the separation buffer need to be evaluated. Upon 
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separation of the individual chemical components of an equilibrated metal-ligand mixture (M, L 
and ML) into distinct zones within the CE capillary there is a natural tendency for ML to 
dissociate and establish a new equilibrium. Kinetic theory (Margerum et al., 1978; Morel and 
Hering, 1993) predicts that the rate of dissociation of ML is mainly a function of the metal ligand 
binding constant, K, and the rate of water loss, k-H2O for the specific metal ion. Especially k-H2O 
varies over 16 orders of magnitude for different metal ions and classifies them as kinetically 
slow (Cr3+, Fe3+) or fast (Pb2+, Hg2+). If one is interested in the interaction between metal ions 
and chlorine, acetic acid or malonic acid, then the weak binding properties of these ligands 
suggests that only kinetically slow metals will form complexes that are stable enough on the time 
scale of a CE separation to warrant bias free detection. Furthermore it is advisable to develop 
standard tests to detect dissociation bias, even with speciating metal complexes involving strong 
ligands like NTA or EDTA. In general though, kinetically stable complexes such as metal-
chelators (EDTA), metal-humics and metalloproteins are least susceptible to dissociation 
artifacts and it is there that CE-ICP-MS can make a valuable contribution to experimental aquatic 
chemistry. Compared to traditional techniques for studying metal binding, such as hydrogen 
electrode concentration cells (Wood et al., 2000), ion selective electrode’s (Benedetti et al., 
1995), CE-ICP-MS operates at low detection limits (pM-nM) and tolerates a large range of pH 
and ionic strength (IS) conditions, and perhaps most important, has multi-element detection 
capabilities. 
 Interest in Lanthanide (Ln) geochemistry comes from their systematics in chemical 
properties, that often leads to fractionation in geochemical systems (Henderson, 1984). By 
studying fractionation trends, it then becomes possible to quantify the underlying fractionation 
processes. Additionaly, Nd3+ chemistry in aquatic media can often be used as a proxy for the tri-
valent actinides Am3+, Cm3+ and Pu3+ due to their similar valence and ionic radius (Choppin, 
1983; Millero, 1992; Moeller et al., 1965). Studies on Ln-Dissolved Organic Matter (DOM) 
interactions and in particular humic and fulvic acids (hereafter HA and FA) are sparse in all 
respects; few studies adress Ln-DOM interactions as a function of pH, IS and different Ln’s. 
This type of data is however needed to calibrate polyelectrolyte models, such as NICA-Donnan 
(Benedetti et al., 1995) and Humic VI(Tipping, 1994; Tipping and Hurley, 1992), that predict 
metal-HA and -FA speciation in natural environments. Predominantly Eu-HA binding studies 
have been conducted under low to neutral pH conditions and high Eu/HA ratios ((Bertha and 
Choppin, 1978; Moulin et al., 1992) and references therein, (Lead et al., 1998)) due to detection 
limit issues for free (hydrated) Ln3+ ions at naturally occurring pH and Ln/HA ranges. At higher 
pH values free Ln concentrations reach sub-pM concentrations, which is lower than most 
analytical detection limits of equilibrium (including ICP-MS) and non-equilibrium speciation 
techniques. 
 The use of fused silica capillaries in CE may cause difficulties with respect to free metal 
ion detection. Fused silica capillary walls have silanol surface sites that bind di- and tri-valent 
cations and thus may interfere with the original speciation. In general, this interaction with the 
capillary wall can be minimized by introducing excess cations (e.g. di-valent background 
electrolytes like Ca2+ at high IS) or protons (lower pH), thereby out competing Ln’s for silanol 
binding sites; or by reversing the capillary wall charge with a surface modifier (Lucy and 
Underhill, 1996); or by performing ligand competition experiments (Wu and Horrocks, 1997) 
where a well-characterized competitive ligand, such as EDTA is added to the Ln-HA mixture. In 
order to study Ln-HA interaction, only the latter proved practical, as lower pH values limit our 
objectives, competing di-valent cations add to the complexity of the system as they bind to HA, 
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and wall modifiers merely reverse the problem; a positively charged capillary wall will bind 
negatively charged ligand species and especially HA. In this study we will illustrate the potential 
of strong ligand competition experiments to determine Nd-FA speciation and binding constants. 
First, we evaluate disequilibrium bias for NdEDTA and NdFA complexes, followed by results 
from ligand competition experiments in the Nd-EDTA-FA-H2O system. Lastly, binding 
constants for Nd-FA are compared to literature values. 
 
 

 
 
Figure 2.1. CE-ICP-MS interface. A six-port flow injection valve continuously delivers buffer or 
sample flow to a microcross that maintains the CE capillary parallel to the pumped solution flow. 
The CE capillary outlet is guided through a second microcross towards the tip of the nebulizer 
where it siphons into a sheath flow solution that is supplied by a syringe pump. 
 

2.2. Materials and Methods 

tion 

innigan MAT “ELEMENT ctor ICP-MS was used as a 
ector. Operating condi ient signal detection 
apidly switched between masses for internal standards 23Na (CE buffer 

In (sheath flow) and 146

ements of flat peak tops in low resolution mode would saturate and damage the 
n counting detector. This problem was circumvented by applying a 0.12 amu mass offset and 

istently measure the tail of the Na peak at 10-1000 kcps. This is preferred over adding a 
ndard to the buffe ways a potential for chemical 

e main experimental nts Nd, EDTA or FA. One measurement cycle for 
d 6Nd lasts 0.85 seconds, yielding sufficient detail of chromatographic peaks 

 

 
2.2.1 Instrumenta

A F I”, high-resolution magnetic se
mass specific det tions are given in Table 2.1. For trans
the instrument r

115electrolyte) Nd (analyte). Due to high 23Na buffer concentrations (1-
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interaction with th
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(typically 10-200 sec wide). The ELEM are (vs. 2.1) was used for internal 
rrection (division by 115In), blank subtraction and integration of peak areas.  

 CE and HR-ICP-MS. 
R-ICP-MS  

ENT operating softw
standard co

 
Table 2.1. Operating conditions of
H
Forward rf power 1250 W (with guard electrode) 
Argon gas flows  13 (cool), 1.0 (auxiliary), 1.2 (nebulizer) L.min-1

Nebulizer Glass Expansion ‘micromist’ 
Spray Chamber Custom machined 20 ml solid teflon 
Mass Resolution 300 
Sensitivity 350,000 cps per 1 ng.ml-1 In 
Sheath flow rate 10-20 µL.min-1

  
CE  
Capillary diameter 50 µm I.D., 110 µm O.D. 
Capillary Length 50 cm 
High voltage 0-15 kV 
Background electrolyte 0.001 – 0.1 M NaNO3

pH buffer 1-50 mM MES, HEPES, TRIS 
Siphoning rate 0.05 - 0.2 cm.sec-1

Injection time (at siphoning rate) 3-30 sec 
 

 
2.2.2 CE Interface 

A sheath flow interface (Fig. 2.1) was used to introduce the CE eluent to a Glass 
xpansion ‘micromist’ nebulizer, followed by ICP-MS detection. 2% HNO3 sheath flow solution 

ump (Harvard Apparatus 22, 20 ml BD polypropylene syringes) at 
flow ra

 ml PTFE Teflon spray 
hambe

y. Indium 
nd Neodymium (10 ± 0.05 ppm in 2% HNO3) was obtained from High Purity Standards Inc. 

E
was pumped by a syringe p

tes of 10-30 µL.min-1 to a microcross (UpChurch Sci.; Oak Harbor, WA) that also guides 
the CE capillary (Polymicro Technologies, 50 um I.D., 110 um O.D.) and the ground electrode 
through the other three inlets. The capillary inlet was inserted through a second Microcross (Fig. 
2.1) and guided to the outlet of a 6-port injection valve (Valco Instruments Co, Houston TX) 
through 500 µm I.D. (1/16 inch O.D.) PFA tubing. The injection valve was controlled by a 
Microneb 2000 control unit (CETAC, Omaha, Neb). Buffer and samples solutions were supplied 
to the injection valve at 20-30 µL.min-1 by a Spetec peristaltic pump. A CETAC ASX-100 
autosampler was used to switch sample solutions. A custom machined, 20
c r was used and all experiments were conducted with a guard electrode for enhanced 
sensitivity; typically 350,000 cps per 1 ppb In at 10 µL.min-1 sheath flow. 
 We optimized laminar flow and spray chamber volume for minimally required resolution 
and maximum sensitivity (Sonke et al., 2003). Laminar flow was daily tuned to the desired value 
of ~0.15 cm.sec-1 by adjusting the back pressure valve, nebulizer gas flow and peristaltic pump 
flow. 
 
 
2.2.3. Sample preparation 

NaNO3, Na2H2EDTA and HEPES salts were obtained from Johnson-Matthe
a
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Suwannee River Fulvic Acid (SRFA) standard was obtained from the International Humic 
epared by sub-boiling distillation of reagent 

grade H

 two days. Two types 
f samples were prepared: ‘standard’ solutions of variable Nd concentrations with either an 

excess of EDTA or FA. These served as species identifyers and calibration line samples. 
Subsequently, ligand competition samples with all three components, an  were 
prepared such that Nd was measurably distributed over FA and EDTA complexes; i.e. at least 

% of either NdEDTA or NdFA. The optimum competing ratio for FAT and EDTAT was found 

2.2.4. Calculation of Nd SRFA binding co

As the emphasis of this study is on le 
etal-humic binding models on the experimental data, we choose to calculate conditional 

binding constants that describe N e 
assume only one FA binding site d 

point out that all our misconceptions (such as 

Substances Society. Ultra-pure HNO3 (15 N) was pr
NO3 (Fisher ACS grade). De-ionized water (>18 MΩ) was used to make all stock and 

sample solutions. All solutions were prepared in acid washed bottles and vials under clean lab 
conditions. A Denver Instruments pH meter and combination electrode were used for pH-activity 
measurements after calibration against NIST standards (pH 4, 7 and 10). 
 CE buffers and FA stock solutions (500 mg.L-1) were prepared on a weekly basis. MES, 
HEPES and TRIS were specifically chosen as non-metal complexing pH buffers and NaNO3 
was added as background electrolyte. After mixing total amounts of Nd, FA and EDTA 
(indicated by subscript ‘T’, i.e. NdT), samples were equilibrated for at least
o

 Nd, FA d EDTA,

5
by trial and error. Ligand concentrations were always in excess of NdT concentration. 
 
 

nstants 

method development, rather than testing all possib
m

d-FA binding only at one given pH and IS. Furthermore, w
, that resembles carboxylic (COOH) groups, to participate in N

binding. Although this is a gross simplification, we 
Nd binding to phenolic sites, bi-dentate interaction, electrostatic, pH and IS effects) are captured 
in the conditional binding constant. The advantage then is that Nd-FA interaction is described as 
1:1 interaction that can be easily incorporated in existing speciation codes: 
 

+↔−++ 23 NdFAFANd   , with
]][3[

]2[
, −+

+
=

FANd

NdFA
K NdFAc   (2.1) 

 
The Nd–SRFA–EDTA ligand competition experiments are represented by the following 
reaction, with equilibrium exchange constant, Kexch:  
 

−++↔−+− 42 EDTANdFAFANdEDTA       (2.2) 
 

]][[

]4][2[ −+ EDTANdFA

−−
=

FANdEDTA
exch        (2.3) 

 
where all square brackets indicate species concentrations in mol.L . Under the experimental 
onditions (pH 6-9 and CO2 saturation), Nd-hydroxide, Nd-carbonate and NdHEDTA complexes 

K

-1

c
are insignificant. We experimentally quantified [NdEDTA-] and [NdFA] in units of 
concentration and {H+} activity by pH measurement. The SRFA protonation constant (3.80) and 
COOH site density (5.99 meq.g-1 SRFA) are from Ritchie and Perdue (Ritchie and Perdue, 
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2003). EDTA protonation and binding constants for Nd and EDTA are from Smith and Martell 
(NIST database, 25 ºC and infinite dilution) and the Davies equation was used for all ionic 

rength corrections. The Davies equation is an empirical expression that approximates an 
activity coefficient, γM, for an ion ( f a  M, with 
harge, z, is expressed as: 

{Mz}=[Mz].γM       
 

here γM is the activity coefficient, calculated from the Davies equation: 

st
Morel and Hering, 1993). The activity o n ion,

c
 

   (2.4) 

w
 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−

+
−= bIS

IS

IS
az

MM 2/1

2/1
2

1
logγ        (2.5) 

 
here a and b are constants (a=0.5, b=0.2), and IS the ionic strengw

0.001, 0.01 (Chapter 5) and 0.1 mol/L. In genera
th. Experiments were done at, 

l, a higher IS decreases the activity. All 
reactions are expressed in concentrat ackets, [  ]) and the ionic strength 
effects are incorporated into the binding constants. For example, the complexation of Nd3+ by 

DTA4-: 

ions units (square br

E
 

−+− ↔+ EDTANdNdEDTA .34  ,with log KNd= 19.15 at IS = 0 and 25 ºC (2.6) 
 

−− ][15.190,25 NdEDTAISC NdEDTA

−+ 43]][[ EDTANdEDTANd
×==

−+
10

43NdEDTA γγ

γ
K    (2.7) 

γ values are 1.00 at IS=0. For IS>0.1 either the binding constant can be corrected or the 
equilibrium expression can be writte st 
ption (incorporating all activity coefficients in the binding constant, K) allows the reactants to 

in concentrations terms and is computationally (and experimentally) more convenient 
ew techniques measure activities (except pH)): 

 

 
where all 

n with activities rather than concentrations. Since the fir
o
be written 
(f

−

−+ EDTA×=
NdEDTA

Nd
NdEDTAK

γ

γγ 43 56.1615.19 10
78.0

02.010.0
10 =

×15.19' 10  , which for IS=0.1:  ×  

bviously, the larger the charge of the ion, the stronger the correction, which for NdEDTA 
complexation amounts to almost 3 orders of 
constants are summarized in Table 2.2. F  
stimated from protonation reactions and mass balances: 

FANdHFAA

 
O

magnitude. All relevant reactions and binding 
ree ligand concentrations, [EDTA4-] and [FA-], are

e
 

FAHHFA ↔++−          (2.8) 
 

[FTOTFA −= ].[].[] ++       (2.9) 
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will give: 
 

][11

][
][

++
=−

H

−

HK

NdFATFA
FA          (2.10) 

 
 

Similarly for EDTA: 
 

])[(]4[ −−×=− NdEDTATEDTAEDTA α       (2.11) 

1+K [H+]+ KH3[H+]2 KH4 H5[H+]4) and [H+] is the on. 
ntally determined [NdFA] and [NdEDTA] and Eq’s. 2.10 and 2.11 into 
. The conditional binding constant for Eq. 2.1 can then be obtained by 
rium expression f DTA complexation, with logK

    

Table 2.2) are co or IS in our calculations
nstant valid only for 25 ºC and a specific IS and pH level. Kc,NdFA 

plicitly includes polyelectrolyte effects of SRFA. 

 
where α is 1/( H2 [H+]  K3  proton concentrati
Inserting the experime
Eq. 2.3 will give Kexch

substituting the equilib or NdE NdEDTA = 19.15 
(Table 2.2): 
 

NdEDTAKexchNdFA log−KK loglog =   (2.12) 

 
All KH and KNd values (
onditional stability co

rrected f , such that Kc,NdFA is a 
c
im
 
 
Table 2.2. Relevant reactions and their equilibrium constants. Equilibrium constants are given as 
log K values, to interpret experimental results. 
 Log(K) at 0 IS, 25ºC Reference 
H+FA=HFA 3.80 (Ritchie and Perdue, 2003) 

H
2H+EDTA=

+EDTA=H.EDTA 11.12 (Morel and Hering, 1993) 

H2EDTA 17.80 (Morel and Hering, 1993) 

H+EDTA=H3EDTA 21.04 (Morel and Hering, 1993) 3
4H+EDTA=H4EDTA 23.76 (Morel and Hering, 1993) 

   
Nd+EDTA=NdEDTA 19.15 (Martell and Smith, 1998) 

Nd+H+EDTA=NdHEDTA 21.38 (Martell and Smith, 1998) 

Nd+OH=NdOH -8.00 (Martell and Smith, 1998) 

Nd+3OH=Nd(OH)3 (s) -18.90 (Martell and Smith, 1998) 

 
 

2.3. Results and discussion 

 
In addressing the critical issue of speciation bias, our method development always follows a 
standard sequence of experiments that we will adhere to in this section. The first step of quality 
control consists of monitoring the stability of the sheath flow and CE flow inside the capillary, at 
all times, with internal standards In and Na (Fig. 2.2). 
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Figure 2.2. Electropherogram of internal standards Na (CE flow) and In (sheath flow), as well as 
analyte of interest, Nd. Note log scale on y-axis. 
 
 
Indium shows a flat temporal profile, indicating stable nebulization. Na intensity, which tracks 
the fluid velocity inside the CE capillary, increases upon switching ‘on’ the high voltage, due to 
the electrosmotic flow(Grossman and Colburn, 1992). It is essential to use internal standards to 
monitor nebulizer stability (In) and CE flow stability (inside CE capillary via Na) as 
interruptions in either will cause false Nd peaks. The next step is to separate and detect the 
speciation end members; i.e. in this study these are solutions with only NdEDTA or only NdFA. 
Figs. 2.3a and b show electropherograms of standard NdEDTA and NdFA solutions where 100% 
single species Nd complexation is established  through the presence of excess strong ligand. The 
elution times of the standards serve as species identifiers for ligand competition experiments 
(Fig. 2.3c). The ligand competition experiments are then optimized for maximum resolution and 
minimum separation time by adjusting nebulizer samples gas, sheath flow rate and the back 
pressure valve. 
 In order to assess detection artefacts that relate to the speciation of the metal, calibration 
curves are generated for the individual NdEDTA and NdFA standards (Fig. 2.4a). By 
experimenting under siphoning (no kV) and high voltage conditions artefacts related to 
disequilibrium dissociation of the ML complex, wall adsorption, nebulization characteristics or 
spray chamber adsorption can be ruled out. Fig. 2.4a shows that response curves for NdEDTA 
and NdSRFA are similar regardless of speciation and presence of high voltage. It is therefore 
unlikely that these two main species partition differently duing nebulization and aerosol 
formation and transport as well as ionization processes in the plasma. Fig. 2.4b shows a 
calibration line for experimental mixtures of Nd, EDTA and FA that were separated at 10 kV. In 
the concentration range of interest, the sum of species shows linear behavior. 
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Figure 2.3. Example set of NdEDTA (a), NdFA (b) and mixed electropherograms (c) obtained at 
10 kV, 0.02 M IS, pH 7 and 0.083 cm.sec-1 siphoning rate. Experimental compositions: a) 40 nM 
NdT, 4 µM EDTAT, b) 80 nM NdT, 50 mg.L-1 SRFA, c) 80 nM NdT, 1 mg.L-1 SRFA, 100 nM 
EDTAT. 
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Figure 2.4a-b. a) Calibration lines for NdEDTA and NdFA standard solution containing excess 
ligand. No significant differences are observed upon applying 10 kV. b) Nd response curve over 

early 3 orders of magnitude. Surface areas are summed NdFA and NdEDTA at variable 
paration voltage (5-10 kV) and injection times (3-20 sec). Siphoning rate is 0.17 cm.sec-1. 

Surface

n
se

 areas are dimensionless due to normalization to internal standard In and injection 
volume. 
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The results in Figs 4a and b then allow us to quantify the typical bimodal species 
distribution of Fig 3c in two ways: i) by equating species surface areas to the calibration line, or 
ii) by assuming that the sum of the two species equals NdT in the sample and calculating species 
concentrations from the relative surface areas. We use the latter method whenever possible as it 
circumvents residual uncertainty in the regression line and a correction for injection volume. The 
only raw data treatment is a normalization to In (in the sheath flow) in order to account for long 
term drift in instrument sensitivity, and a blank subtraction. Fig. 2.5 shows detected speciation 
for a Nd-FA-EDTA mixture as a function of injection time and separation voltage; no significant 
variation could be detected. 

 
Figure 2.5. Nd speciation as a function of separation voltage and injection time. No significant 

xperimental composition: 30nM Nd, 50 nMEDTA, 10 

 

y experimental data on Eu in 

change with conditions is observed. E
mg.L-1 SRFA 

 
With all of the speciation bias tests outlined in Fig’s 2.2-2.5 indicating bias-free 

quantification, we then proceeded to test the effect of ionic strength, pH, and metal/humic ratio 
on Kc,NdFA (Eq. 1). Fig. 2.6 shows results obtained at IS of 0.001 M and 0.1 M NaNO3 for 
different metal loadings (FAT kept constant at 10 mg.L-1 and EDTAT varied between 40 nM and 
2 µM). To first approximation there appears to be no significant change of Kc with NdT/FAT at 
low metal loadings. Lower conditional binding constants are measured for higher IS which 
agrees with the common observation that higher Na salt concentrations neutralize the negative 
charge of the FA, thereby decreasing its binding strength. Changes in Kc as a function of pH (6-
9) are shown in Fig. 2.7 together with a literature compilation of REE- (Eu, Tb, Dy) and 
actinide- (Am and Cm) HA and FA interaction(Moulin et al., 1992). Because literature data 
predom nantly reports on Eu-HA binding, we included preliminari
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Fig. 2.7, measured by CE-ICP-MS, with the same procedures as outlined for Nd in this study. Eu 
sults indicate similar, yet slightly higher Kc, than for Nd. LogKc,NdFA at 0.1 IS can be 

ed as a function of pH: 

128.056. pHe ××+       (2.13) 

c,NdF  pH is c  electrostatic effects 
ge of FA at higher pH) and possible interaction with phenolic binding sites 
inding properties (higher A). At pH 7, average logKc,NdFA values for 

  

 (0.001 IS)      (2.15) 

 
Nd background levels were 60±20 cps which yielded a 3  detection limit of 13 pM (1.9 ng.g-1) 
under a

re NdFA’s 
empirically describ
 

)407.0(
, NdFAc 7log K =

 
 an, with
r n

 r2 of 0.999. The increase in logK A with aused by both
(large egative char

avthat h e stronger b Kc,NdF

different IS (Fig. 2.6) are: 
 

3.00.10log , ±=NdFAcK  (0.1 IS)    (2.14) 

4.01.12log , ±=NdFAcK

verage operating conditions. Practically however, we discarded speciation data below 500 
pM Nd , as positive peak identification becomes exceedingly difficult at lower metal 
concentrations. 

T

 
Figure 2.6. Conditional binding constants, Kc,NdFA for Eq.(1) as a function of experimental 
NdT/FAT concentration ratio. Experimental conditions varied, pH was constant at 7. Average 
logKc,NdFA is 10.0±0.1 (0.1 IS) and 12.1±0.4 (0.1 IS). 
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2.3.1. Comparison to literature data 

 
The majority of Eu-FA and Eu-HA datasets have recently been re-analyzed in generic 

metal-humic binding studies with the NICA-Donnan model (Milne et al., 2003) and Tipping’s 
modelV (Tipping, 1993) and VI (Tipping, 1998)and comprise nine datasets for FA. In Table 2.3 
we summarize the generic outcome of these models for Eu-FA binding and we include KNICA-D 
and KModelV values determined for the Nd data set of this study  that were determined with a 
commercial version of modelV (Gustafsson, 1999) and ECOSAT ((Keizer and van Riemsdijk, 
1994), includes NICA-Donnan). Generic FA protonation parameters were taken from Milne 
et.al. (Milne et al., 2003) (NICA-Donnan) and Tipping (Tipping, 1993) (Model V) and the use of 
these two poly-electrolyte models is merely to allow an order-of-magnitude comparison with the 
published Eu values. The model parameters are given in Table 2.3 (footnote) and we refer to the 
original papers for details; note that the large differences in logK values between models results 
from conceptual differences in defining metal-humic interactions. 

 
Table 2.3. Summary of binding constants for Tipping’s modelV and NICA-Donnan. 
 logK Ref 
Tipping modelV

a
  

Eu 0.2 (Tipping, 1993) 

Nd (this study) 0.26  

5.87 

Nica-Donnan
b

  

Eu KM1 -1.92 (Milne et al., 2003) 

Eu KM2
(Milne et al., 2003) 

Nd KM1 (this study) -1.0  
Nd KM2 (this study) 6.0  
a generic substrate parameters: nA, 4.7.10-3; pKA, 3.3; pKB, 9.6; ∆pKA, 3.3; ∆pKB, 5.5; P, 103; fpr, 
0.4; see (Tipping, 1993) for details. 
b generic substrate parameters: b, 0.57; Qmax1,H, 5.88; Qmax2,H, 1.86;p1, 0.59; p2, 0.70; see (Milne 
et al., 2003) for details. 

 
 
The fitted KNICA-D and KModelV values for Nd agree very well with the published values 

for Eu. As we found similar results for Eu Kc,NdFA’s (preliminary data, Fig. 2.7) we expect 
similar KNICA-D and KModelV values for Eu. The compilation of conditional binding constants from 
the literature (Fig. 2.7) shows quite a large variability, that is most likely caused by the different 
HA and FA used, the difference in techniques employed, and the generally higher Ln/HA ratios 
(10-2-2). Our smooth logKc trends for Eu and Nd, as a function of pH are not significantly 
different from this compilation, with at least 4 literature values matching the fitted curve. Our 
logKc values fall in the upper range of literature estimates, indicating strong Nd-FA binding. 

In conclusion, this study has outlined the ability of CE-ICP-MS for artifact free 
quantitative speciation analysis. The use of an EDTA ligand competition method to determine 
conditional binding constants for Nd fulvic acid interaction has resulted in commonly observed 
trends as a function of pH and IS. Our Kc,NdFA values compare favorably with literature values. 
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Figure 2.7. Log Kc as a function of pH at 0.1 IS for Nd and Eu (this study). A compilation of 
literature log Kc’s is given for REE (Eu, Tb and Dy) as well as actinides (Am and Cm) (Moulin 
et al., 1992). 
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CHAPTER 3 
 
 

DI

nd characterized by a parabolic, highly dispersive flow profile leading to band 
roadening of analyte peaks and thus a decrease in resolution. It has been established that the CE 
phoning rate is inversely proportional to sheath flow rate with the possibility of tuning an 

experiment to ’0’ siphoning (Kinzer et al., 1996). This follows from the fact an increased sheath 

SPERSION EFFECTS OF LAMINAR FLOW AND SPRAY CHAMBER 
VOLUME IN CAPILLARY ELECTROPHORESIS - INDUCTIVELY COUPLED 
PLASMA -MASS SPECTROMETRY: A NUMERICAL AND EXPERIMENTAL 

APPROACH. 
 
 
 
 

3.1. Introduction 

 
The coupling of chromatographic separation techniques to mass spectrometric detectors 

for speciation studies has seen a strong development over the last decade (Sutton et al., 1997) 
(Barnes, 1998). With respect to capillary electrophoresis, the CE-ICP-MS interface design has 
mainly been guided by the requirement of closing the electrical (high V) CE circuit and 
providing a sufficient solute flow for nebulization. The so-called sheath-flow interface has 
proven to be particularly effective in coupling CE to a plasma source using a variety of 
nebulizer-spray chamber combinations (Kinzer et al., 1996; Liu et al., 1995; Lu et al., 1995; 
Michalke and Schramel, 1996; Schaumloffel and Prange, 1999). Sheath-flow interfaces are based 
on inserting the CE capillary via a tee construction through the nebulizer central channel to the 
nebulizer tip. At the tip the nanoliter size flow from the CE capillary is combined with the 
microliter to milliliter size sheath flow. The sheath flow is either mechanically pumped to the 
nebulizer  (Kinzer et al., 1996; Liu et al., 1995; Majidi and Miller-Ihli, 1998; Stewart and Olesik, 
2000; Sutton et al., 1998; Tangen et al., 1998; Van Holderbeke et al., 1999) or generated through 
self aspiration (Day et al., 2000b; Lu et al., 1995; Schaumloffel and Prange, 1999); i.e. the 
nebulizer gas stream creates a negative pressure difference between sheath flow reservoir and 
nebulizer tip (Venturi effect) which results in siphoning of the sheath flow. Mechanical delivery 
of the sheath flow with peristaltic or syringe pumps facilitates more precise flow rate control, yet 
may introduce pump pulsation artifacts. With the tip of the CE capillary positioned at an 
arbitrary point between nebulizer tip and sheath flow reservoir (yet often close to the nebulizer 
tip), the CE flow combines with the sheath flow at a point where the dynamic fluid pressure 
corresponds to the pressure gradient set-up by the nebulizer gas. At this mixing point, the 
dynamic solution pressure is lower than the atmospheric pressure at the CE capillary inlet and a 
secondary siphoning flow inside the CE capillary is generated. The CE siphoning flow is laminar 
in nature a
b
si
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flow that is mechanically pumped ind ynamic pressure gradient (the sheath 
ow reservoir will have P>Patm), thereby minimizing the pressure gradient over the CE capillary 

 have found that reducing the capillary diameter to 20 µm (Tangen 
and Lu

 always at the cost of resolution. Whether laminar flow 
is induced by a negative pressure difference at the outlet of the capillary (siphoning) or a positive 
pressure at the inlet (pressurized flow), does not effect the underlying fluid dynamics and 
onsequently its theoretical and numerical treatment. 

nal continuous detection of 
analytes this results usually in lower sensitivity and longer wash-out times, however these 
adverse effects are minimal compared to the benefits: effective droplet removal and signal 
stabilit

nd higher cost. Therefore we revisit the analysis of 
the spr

ngle out laminar flow 

uces a shift in the d
fl
which remains at Patm. Others

nd, 2000) or optimizing the interface fluid dynamics (Michalke and Schramel, 1996; 
Schaumloffel and Prange, 1999) minimizes the negative pressure difference between CE 
capillary inlet and outlet and avoids the siphoning effect. However, the absence of siphoning 
requires pressurized injection of sample plugs, which can only be made by costly commercial CE 
devices. 

CE experimentalists make use of pressurized laminar flow for other reasons, such as the 
detection of both positively and negatively charged species or the necessity of rapid elution times 
to monitor reaction kinetics in the sample vial (Olesik et al., 1998; Stewart and Olesik, 2000). 
The gain in versatility or analysis time is

c
An additional ‘extra-column’ factor of band broadening has been recognized in the spray-

chamber dead volume (Day et al., 2000a; Pack et al., 1998; Sharp, 1988; Tangen and Lund, 
2000). Large dead volumes or low transportation rates, i.e. nebulizer gas flow rate, result in 
prolonged residence times of analytes in the chamber. In conventio

y enhancement. In chromatographic MS applications the detection of transient signals 
critically depends on the adverse effects: lower sensitivity and long wash-out times result in band 
broadening and peak tailing. The theoretical description of this process stems from the 
engineering concept of mixing chambers and has been fully treated for chromatographic 
applications by Sternberg (Sternberg, 1966). Nevertheless, the theoretical basis is sparsely 
applied in a predictive model of spray-chamber dispersion (Pack et al., 1998). In the race for 
ultra high resolution, a number of direct injection nebulizers (DIN) have successfully been 
interfaced with CE capillaries (Bendahl et al., 2001; Liu et al., 1995; Tangen et al., 1998). Since 
no spray chamber is involved, there is no additional band broadening beyond the CE capillary. 
Although, potentially an ideal solution, DIN operation commonly results in higher oxide 
formation, lower sensitivity, higher LOD’s a

ay-chamber dispersive process considering that a CE-ICP-MS approach should focus on 
the minimum resolution required rather than the maximally attainable resolution (Olesik et al., 
1998). 

Here we present the results of an experimental and theoretical study into the dispersion 
effects of laminar flow in the CE capillary, and spray chamber volume. We compare the 
experimentally determined peak shapes with a dynamic numerical model. The numerical 
simulations we present for siphoning and spray chamber dispersion are mathematically easily 
programmable. This allows the novice in numerical modeling to simulate and optimize their CE-
ICPMS interface with respect to maximally allowed band broadening. We emphasize that all 
experim nts were performed without high Voltage, in order to sie
dispersion. 
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3.2.

 
 interface 

flow interface was used a Glass Expansion 
 (100 µL/min) , foll A 10 ml BD 

ringe contained the 1% HNO3 sheath flow solution that was pumped by a syringe pump 
pparatus 22) at flow rates between 5–67 µL/min to a microcross (UpChurch Sci.; Oak 

at also guides the CE capi ound electrode through the remaining 
 capillaries (50 µm I.D ) were obtained from Polymicro 

gies (Phoenix, Az) and cut at th imate desirable length. Capillary tips were 
polished using diamond ive pads, using a custom made tool (Quinn et al., 

were perfectly crosscut. 

 Experimental 

3.2.1 CE-ICP-MS

A sheath  to introduce the CE eluent to 
‘micromist’ nebulizer owed by ICP-MS detection (Fig. 3.1). 
plastic sy
(Harvard A
Harbor, WA) th llary and the gr
three inlets. CE ., 130 µm O.D.
Technolo e approx
subsequently fine abras
1998), until tips 

 

 
 
F
(1

igure 3.1. CE-ICP-MS interface. A six p tion valve continuously delivers ‘buffer’ 
% H

Sample inject o, 
Houston TX), controlled by a Microneb 2000 control unit (CETAC, Omaha, Neb). The capillary 

let was inserted through a second Microcross (Fig. 3.1) and guided to the outlet of the injection 

ort flow injec
NO3) and sample flow to a microcross that maintains the CE capillary parallel to the 

pumped solution flow. The CE capillary outlet is guided through a second microcross towards 
the tip of the nebulizer where it siphons into a sheath flow solution. 

 
 

ion was automated using a 6-port injection valve (Valco Instruments C

in
valve through 500 µm I.D. (1/16 inch O.D.) PFA tubing. By choosing a capillary inlet position 
parallel to the solution flow and upstream of the Microcross at the injection valve, dead-volume 
problems could be prevented and ICP-MS detection timing synchronized with flow injection 
timing. Buffer and sample flow to the injection valve were supplied by a peristaltic pump at 120 
µl.min-1. At the capillary inlet, the solution velocity was 1 cm.sec-1 and did not induce 
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pressurized flow into the CE capillary over at least 30 minutes of visibly monitoring the capillary 
outlet. Rather, the siphoning effect at the outlet of the capillary draws solution from the main 

ream during full operation of the interface. 
Three Teflon spray chambers, with internal volumes (including injector volume) of 6.1, 

20.1 and 150 ml ut 
f Teflon PFA unions, elbows segments and transfer caps (Savilex Corp.). The 20 ml chamber 

st

 (5, 20 and 150 nominal) were used. The 5 and 150 ml chambers were build o
o
was custom machined out of Teflon. The 20 and 150 ml chambers have a teflon baffle for more 
efficient droplet removal and all three chambers have a drain that is pumped by a peristaltic 
pump. Low volume spray chambers do not handle high solvent loads well and therefore require a 
nebulizer that operates properly in the 5-20 µl.min-1 (sheath-) flow range. We performed most 
experiments at 10 µl.min-1 without losing signal stability. Signal intensity does drop at lower 
flow rates and lower spray chamber volumes (Table 3.1). 

 
Table 3.1. Experimental conditions used for CE-ICP-MS. 
CE-ICP-MS interface  

Sheath flow rate 5-67 µl.min-1

Buffer/sample flow rate 120 µl.min-1

Capillary Fused silica, 32-67.5 cm length, 50 µm I.D., 130 µm 
O.D. 

“Buffer” solution ith 1ppb Ce 
ample solution 1% HNO3, spiked with 1ppb Nd 

 HNO3, spiked with 1ppb Ba and In 
ICP-M

Sensiti

  150 ml SC, 67 µl.min-1 sheath flow 1ppb In ~ 850,000 cps 
  150 ml SC, 10 µl.min-1 sheath flow 1ppb In ~ 250,0

20 ml SC, 10 µl.min-1 sheath flow 1ppb In ~ 150,000 cps 

1% HNO3, spiked w
S
Sheath flow solution 1%

S  

  Cool gas 13 L.min-1

  Auxiliary gas 0.7-1.0 L.min-1

  Nebulizer gas 1.09-1.18 L.min-1

  Power 1250 W 
  Mass resolution 300 
  Scan duration 500ms 
  Isotopes monitored 138Ba, 140Ce and 146Nd 

vity  

00 cps 
  
  5 ml SC, 10 µl.min-1 sheath flow 1ppb In ~ 120,000 cps 

 
 

 A Finnigan Matt “ELEMENT”, high-resolution magnetic sector ICP-MS was used as a 
mass specific detector. Operating conditions are given in Table 1. For transient signal detection 
we switched between masses for internal standards and analyte 138Ba, 140Ce and 146Nd using 
electric scans (i.e. varying the accelerating voltage at constant magnetic field).  
Elemental standards (10 ± 0.05 ppm Ce, Nd, Ba, In) were obtained from High Purity Standards 

c. Ba was added to the In sheath flow solution at a 1ppb concentration, Ce was added to the 
uffer solution at a 1ppb concentration and Nd was added to the sample solution at a 1ppb 

ects were studied without applying high voltage, 
as Joule heating and EOF may add additional dispersive factors.  

b
concentration (~7 nM). The band broadening eff
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3.3 Theory 

 
In order to simulate a siphoning experiment numerically, we need to consider 

longitudinal diffusion and advection of the analyte of interest. The corresponding transport 
equation is the advection diffusion equation, here given in one dimension: 

 

dxdx

 
where c is the cross sectional averaged concentration of analyte [mol.kg

dc
u

cd
D

dt

dc
siph−=

2

2

         (3.1) 

-1], usiph is the average 
siphon rate (advective velocity, [m.sec-1]) and D is the analyte diffusion coefficient [m2.sec-1]. D 
was calculated via the Nernst-Einstein relationship (Khaledi, 1998) with a limiting ionic mobility 
for Nd3+ of 6.94.10-3 m2.S.sec-1 (Weast, 1999). We apply Taylor’s analysis of parabolic flow to 
derive a dispersion coefficient, K, from the diffusion coefficient D, allowing for a one 
dimensional simulation, which is 3) 
(see Appendix A.3.1): 

inherently simpler for describing advective flow (Taylor, 195

 

D

ua
K

siph

192

)2( 22

=          (3.2) 

 
Where a is the capillary radius [m]. Additivity of dispersion by longitudinal molecular diffusion 
nd parabolic flow then allows addition of K to D in Eq.1 (Aris, 1955). The sum of K and D will 

be referred to d 
broadening, th ly 
erived from Eq 2 (Poole and Poole, 1991). 

e neglected based on the plate 
eight model (Khaledi, 1998). Dispersion from siphoning injection of the sample is included in 

the model. The lim e 
cid ionic strength (1% HNO3) due to lack of an appropriate correction model. Based on 

rr icant. 

(C-DM) 

In order to find the numerical solution to the partial differential equation  (PDE, Eq.1), 
we use a finite-differen ce 
approximations. Various e 
oncentration profile at ‘t’) Finite Difference Schemes (FDS) can be used (Martens et al., 1997; 

central space (FTCS) approximation for the 2nd derivative (diffusion) (Anderson et al., 1984): 

a
as ‘total dispersion coefficient’. We note that in the plate height model of ban
e total dispersion coefficient is described by the Golay equation which is part

d
Since we apply no Voltage and use an acid matrix, dispersion effects due to Joule heating 

and wall adsorption can be omitted. Concentration overload can b
h

iting ionic mobility of analyte Nd3+, that determines D is not corrected for th
a
successful results (i.e. in hindsight) we expect this co ection term to be insignif
 
 

3.3 Numerical Modeling 

 
3.3.1. Capillary Dispersion Model 

ce method that replaces the partial derivatives by finite differen
explicit (i.e. solving the concentration profile at ‘t+dt’, based on th

c
Mosher et al., 1992; Schwer et al., 1993), however not all yield a stable solution of the PDE. In 
keeping the math as simple as possible we used an explicit approximation for Eq.1: forward time 
backward space (FTBS) approximation for the 1st derivative (advection) and a forward time 
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( ) ( ) ( )
( )2
dxdxdt

siph

 
which is solved for cx

t+dt given a set of starting and boundary conditions. We forced the advective 
DS scheme to operate under the Courant–Fredrichs-Levy (CFL) condition of 1 by choosing dt 

.3.2. Capillary Spray Chamber Dispersion Model (CSC-DM) 

In order to model the  
the form of concentration as  

ansient signal, NICP(t), depends both on the eluted temporal profile as well as on the exponential 

d
o 

s CSC-DM (Capillary Spray Chamber – Dispersion Model). We will outline a computational 
approach based on mass balancing spray ch  
programmable finite difference approximation. 

For simplification purposes we assume that the amount of analyte ions, N0 [mol], that 

SC

 

2 ccc
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cc
u
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t
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t

x

dtt

x −++
+ +−

++
−

−=
−

    (3.3) 

F
= 0.1 sec and subsequently fixing dx=usiphdt (see Appendix A.3.2) as a function of siphoning rate 
usiph (cm.sec-1). This typically yields a least 1000 time and 1000 spatial steps to model one 
experiment. The results can be viewed as a concentration distribution over the capillary length at 
a certain time, or as an elution profile at the outlet of the capillary, i.e. concentrations as a 
function of time (electropherogram). The latter is referred to as Capillary Dispersion Model (C-
DM) in the results section. 
 
 
3

dispersion effect of the spray chamber, we used the C-DM output in
a function of time at the capillary outlet. The shape of the detected

tr
decay caused by analyte dilution within the spray chamber. We will use the concept of an ideal 
mixing chamber (Sternberg, 1966) to model spray chamber dilution, as has been applie  
uccessfully by others (Pack et al., 1998; Tyson, 1988). The results for NICP(t) will be referred ts

a
amber in- and output that allows an easy

elutes from the capillary during time step, dt, is diluted by the sheath flow (with density, ρliq 
[kg.m-3]) by a factor ‘φ’(ratio of CE flow rate to sheath flow rate) and subsequently  transferred 
into a volume of nebulizer gas (Vgas), that flows at Qneb [L.sec-1] into the SC (with volume V  
L]), and can thus be expressed in units of moles per volume of gas: [

dtQ

adtuc liqsiph

t

Lx ϕρπ ××××
= =

2

0   (3.4) C      
neb

 
We emphasize that the concept of an ideal mixing chamber is based on uniform mixing of each 
volume of gas that enters the chamber volume, such that the exiting gas is always at the 
composition of the gas in the chamber, CICP = CSC. Then by definition the rates of change per 
unit time are: 
 

dt

dC

dt

dC SCICP =          (3.5) 

 
During time step, dt, the change in the amount of analyte ions in the chamber, dNc [mol], is the 
difference between the amounts that enter and leave the chamber: 
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ICPSC NNdN −= 0          (3.6) 

 
By writing the mixing chamber constants VSC and Qneb explicitly, 
 

       (3.7) 

 
and rearranging and inserting Eq.6, 
 

( )dtCCQdCV ICPnebSCSC −=× 0

)( 0 ICP

SC

nebICP CC
V

Q

dt

dC
−=         (3.8) 

 
The change in spray chamber output, dCICP/dt, has now been expressed as a function of input and 
output and the characteristic constants Qneb and VSC, without the need of knowing CSC or dCSC/dt. 
Using a forward time approximation and substituting,  = VSC/Qneb, we obtain the following FDS 
that can be solved for CICP(t+dt) given a set of initial conditions at time t: 
 

)(
1

0 ICP
dt τ

 
By letting this FDS operates on the same time scal

t

tt

t

ICP

dtt

ICP CC
CC

−=
−+

        (3.9) 

e as the C-DM the two schemes can be 
coupled by updating C0  in Eq.10 every time step, dt,  by cx=L

t from Eq.4. Because spray chamber 
transm  is typically less than 100%, an efficiency factor ‘εN’ could be introduced (Hu and 
Zhang,

ission
 1996) by writing εNC0

t in Eq.10. However, transmission loss is beyond the scope of this 
study and does not affect transient peak shape. Therefore we omit the factor εN in our 
computational approach. 
 It is worth mentioning that the analytical solution to Eq.8 is extensively applied in time-
series analysis (Box and Jenkins, 1976) and is of the form: 
 

tC )( duutCuv )()( 0

0

−×= ∫         (3.10) 

 
Where C

∞

ICP

0(t) can be any arbitrary input function and the impulse response function v(u)= e(-t/ ) 
describes the exponential decay inside the mixing chamber. The output function then becomes: 
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2

1

0
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⎩
⎨
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−−

tCetCetC

tt

ICP
ττ      (3.11) 

 
which requires a method of bookkeeping that keeps track of the exponential decay of every 
amount C0 that eluted into the SC at all past time steps and is far more computationally 
expensive and complex than the finite difference expression (Eq.9). 
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3.4. Results and Discussion 

 
Siphoning rates were determined for each individual injection series from the elution time 

of the first peak and monitored with the buffer internal standard (Ce) during an experiment. The 
reproducibility of the flow injection loading technique is shown in Fig. 3.2 for ten consecutive 5 
second, three 10 second and one 60 second injection. The peak area reproducibility is ~1 % RSD 
for the ten 5 second injections as well as the three 10 second injections. The influence of band 
broadening is shown by the respective 52 and 22 % decrease in peak height of the 5 and 10 
second injections relative to the plateau intensity of the 60 second injection. Additionally strong 
peak tailing is present and characteristic of the 150 ml spray chamber. 
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Fig. 3.2. Flow-injection of ten 5-second, three 10-second and one 60-second samples yield peak 
area reproducibilities of 1.0% RSD. Experimental conditions: Lcap is 32.0 cm, VSC is 146 ml, usiph 
is 0.11 cm.sec-1, 1ppb Indium (8.7 nM) in 1% HNO3. 

 
 
Dispersion experiments were conducted by triplicate flow injections of 1, 3, 5, 10, 15, 20, 

25, 30 and 60 seconds, while varying capillary length, L, siphoning rate, usiph, and spray chamber 
volume, Vspray. Siphoning rate was varied both by changing the sheath flow rate and by lifting or 
lowering the capillary inlet relative to the fixed outlet. Peak widths of the eluted profiles as well 
as simulated profiles were determined by the ‘tangent’ method. Additionally the W10 (peak width 

shape of the sample plug eluting 
into the

chamber mixing. Therefore, when fingerprinting analyte peaks or experimentally determining 

at 10% of peak height) and peak asymmetry (Foley and Dorsey, 1983) were used to evaluate 
skewed peak shapes due to large spray chamber volumes.  

Fig 3.3. shows the simulation capabilities in a direct comparison with an experimental 
injection that starts as a near rectangular 10 sec plug. The peak 

 spray chamber is Gaussian while the peak shape after passing through the spray chamber 
is tailed on right hand side and shows retardation of the peak maximum by 7 seconds. This 
retardation time is independent of chromatographic processes and solely a feature of spray 
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mobilities, with any of the coupled FI-mass spectrometric techniques one has to correct the 
elution time for this retardation; i.e. using a 150 ml spray chamber after a 70 second 
hromatographic separation requires a 10% correction of elution times. c
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Figure 3.3. Elution profiles of an experimental vs a modeled 10-sec injection. Experimental 
conditions: VSC is 0.146 L, Lcap is 67.5 cm, usiph is 0.152 cm.sec-1, ugas is 1.18 L.min-1. Intensity 
units are arbitrary as experimental peak height is matched with CSC-DM peak height due to 
omission of transmission loss factor in the CSC-DM. 
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Figure 3.4. Peak asymmetry as a function of injection time. Experimental conditions: VSC is 
0.146 L, Lcap is 67.5 cm, usiph is 0.152 cm.sec-1, ugas is 1.18 L.min-1. Spray chamber mixing is the 
major contributor to peak asymmetry (‘tailing’). 
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Peak skewedness is mainly caused by spray chamber mixing, as can be observed in 
Fig.3.4 where experimental asymmetry is compared to simulated asymmetry as a function of 
injection time when a) the analyte elutes from the capillary (C-DM) and b) the analyte leaves the 
spray chamber (detection; CSC-DM). 
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Figure 3.5(a-c). Experimental and simulated peak widths as a function of injection time and 
spray chamber volume. Experimental conditions: (a) VSC is 0.150 L, Lcap is 67.5 cm, usiph is 

.152 cm.sec-1, ugas is 1.18 L.min-1, (b) Vspray is 0.0209 L, Lcap is 32.0 cm, usiph is 0.181 cm.sec-10
u
L.min . Analyte is 7 nM Nd in
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A summary of experimental and simulated injection results are shown in Fig. 3.5a-c for 
respectively the 150, 20 and 5 ml spray chambers. Experimental peak widths increased by a 
factor 9-25 for 1 sec injections and a factor 1.6-9 for 10 sec injections. The C-DM model 
explains the entire experimental band broadening for the 6 and 20 ml spray chambers, whereas 
the CSC-DM model adds minimal dispersion effects due to spray chamber mixing (Fig. 3.5b-c). 
However, for the 150 ml spray chamber the CSC-DM model comprises an additional 30-40% of 
the observed peak width increase (Fig. 3.5a). Similar results to Fig. 3.5 with matching numerical 
simulations were obtained when varying siphoning rates by 50%. 
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Figure 3.6. Simulated increase in peak width (W-Tinj) due to laminar flow, as a function of 
capillary diameter (5-90 µm), diffusion coefficient (1,3,5,7 and 9.10-10 m2.sec-1), laminar flow 
velocity, usiph, (0.1, 0.2, 0.5 cm.sec-1) and capillary length, L, (cm). Sample injection in all 
simulations is 1cm of capillary length, corresponding to 10, 5 and 1 sec injections for the 
respective usiph of 0.1, 0.2 and 0.5 cm.sec-1. Variation as a function of diffusion coefficient is 
represented by the 5 separate curves within one plot; the lower left plot indicates actual values. 
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3.4.1. Generalized modeling 

Based on the excellent agreement between experimental and numerical results outlined 
bove, we extended the numerical models for laminar flow and spray chamber dispersion to 

We varied tinj in such a way that each simulation is based on a ‘1 cm’ sample plug. 
stead of expressing the results as ‘absolute peak width’, W, or dispersion factor (W/tinj), we 

lot the observed increase in peak width (W-tinj [sec]) at he end of the capillary (Fig. 3.6). This 
akes the simulations relatively independent of tinj and the results (Fig. 3.6) are valid within 

0% uncertainty for sample plugs > 0.5 cm (1% of L) wide due to similar diffusion fronts. For 
mple plugs smaller than ~ 1% of the capillary length, separate simulations need to be 

erformed. Fig. 3.6 clearly indicates the strong dependence of dispersion on (Di + Ki): the 
aller Di, the larger Ki (Eq.2) and thus the larger laminar flow dispersion will be. This is an 
portant negative feedback process with respect to CE-ICP-MS separation studies in the 

iochemical field. Analytes with low electrophoretic mobilities (and thus low D’s), e.g. proteins, 
quire more time to separate, yet at the same time suffer from the largest laminar flow 

dispersion; reducing if not avoiding laminar flow seems a necessity. Separation of analytes with 
larger differential electrophoretic mobilities will result in less pronounced dispersion and laminar 
flow can be used as an advantage. Fig. 3.7 illustrates the latter in a series of rapid consecutive CE 
separations of a Cu-Zn-EDTA mixture, where siphoning has been used to detect both positively 
(Cu2+) and negatively (CuEDTA2-) charged species and to speed up the separation in order to 
monitor speciation changes over time (see caption for details). 

Fig. 3.8 shows spray chamber dispersion as a function of VSC and Qneb. Dispersion is 
again expressed as the ‘increase in W’ as this is independent of the shape and peak width of the 
initial plug eluting from the capillary into the spray chamber. So whether a 1 second rectangular 
plug or a 25 second Gaussian plug enters the spray chamber, the increase in peak width for VSC = 
0.1L and Qneb = 1.0 L.min-1 will be ~ 6 seconds. The conclusion to be drawn from Fig. 3.8 is 
straightforward in the sense that any chromatographic technique coupled to an ICP-MS will 
benefit from lower spray chamber volumes. However, as we observed a decrease in sensitivity 
with volume as well (Table 1), it may be worth to sacrifice some resolution for sensitivity and 
choosing a larger spray chamber when analyzing low-level speciation as in Fig 3.7 (VSC is 150 
ml). 

 
 

3.5. Conclusions 

 
Experimental and numerical results on laminar flow and spray chamber dispersion 

indicate potential order of magnitude increases in peak width. Analyte diffusion coefficient and 
capillary diameter were identified as the main causes, while laminar flow velocity, capillary 
length and spray chamber volume are less, but significantly, influential. Our numerical 
framework and generalized results provide for optimization of separation resolution vs. 
sensitivity and separation speed in those experiments where a trade-off can be made between 
analysis time, sensitivity and resolution. For experiments where resolution is critical, a reduction 
of spray chamber volume to less than 20 ml is strongly recommended. Because of the large 

a
explore the parameter space beyond our experimental values. Laminar flow dispersion is a 
function of L, Di + Ki, diameter, usiph, and tinj. In order to capture most of the variation in a 
presentable format we varied the most influential parameters, Di and diameter continuously for a 
limited set of L and usiph. 
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number of experimental parameters involved in finding the optimum resolution of a CE-ICP-MS 
experiment, we find that an exploration of parameter space through simulations is an excellent 
complementary analysis tool in the development of chromatography-mass spectrometry 
interfaces. 
 

 
 
Figure 3.7. Simulated increase in peak width (W-Tinj) due to spray chamber mixing, as a function 
of chamber volume (5-200 ml) and nebulizer gas velocity (0.5-1.5 L.min-1). The increase in peak 

idth in the spray chamber is not a function of peak width and shape at capillary outlet and 

 

w
therefore plotted as the absolute value. 
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Figure 3.8. Series of CE separations of Cu2+ and Cu.EDTA2- complexes. Siphoning was used to 
load sample (10 sec), elute both positive and negative complexes, and speed up the separation to 
track a kinetic experiment of Cu-EDTA binding, inhibited by Zn.EDTA2- dissociation. 
Separation conditions: Lcap is 45 cm, capillary ID: 50 µm, 12.5 kV separation voltage, usiph is 
0.16 cm.sec-1, VSC is 146 ml. Buffer: 10 mM ZnSO4 at pH 4.7. Sample: pre-equilibrated solution 
of 10 mM ZnSO4 and 5 µM of Na2.H2.EDTA (at pH 4.7) to which 10 µM CuSO4 was added at t 
= 0 sec. Initially, all EDTA sites are occupied by Zn2+, however due to the higher affinity of Cu 
for EDTA compared to Zn, a metal exchange reaction takes place which is kinetically limited by 
Zn.EDTA dissociation. By measuring the speciation of Cu as a function of time the Zn – Cu 
exchange can be quantified. 
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CHAPTER 4 
 
 

QUANTITATIVE METAL SPECIATION BY CAPILLARY 
ELECTROPHORESIS INDUCTIVELY COUPLED PLASMA MASS 
SPECTROMETRY (CE-ICP-MS); THEORY, SIMULATIONS AND 

EXPERIMENTS. 
 

 

 

 

 

 
4.1. Introduction 

 
Capillary Electrophoresis (CE) has made a large impact on separations science, perhaps 

best illustrated by its dominant role in DNA separations in the human genome project. With its 
50-fold higher separation efficiency than ion chromatography (IC) and short analysis time CE 
may successfully replace IC in many applications (Haddad, 1997). Rapid developments were 
made in the field of inorganic ion analysis (Timerbaev, 1997), initially with standard UV 
detection and later with a wide variety of inorganic detectors; e.g electrochemical, Laser Induced 
Fluorescence, conductivity, chemiluminescence and mass spectrometry (MS). MS has been 
labeled as the most promising detection system due to its capability of providing highly specific 
elemental, isotopic (Schaumloffel et al., 2002) or structural information (Stenson et al., 2002; 
Stenson et al., 2003). The coupling of CE and ICP-MS was first reported in 1995 by Olesik et 
al.(Olesik et al., 1995) and rapidly improved upon by the sheath-flow interface design (Lu et al., 
1995). The simultaneous establishment of Sector Field Inductively Coupled Mass Spectrometry 
(SF-ICP-MS) for inorganic analysis with its order of magnitude higher sensitivity and resolution 
than quadrupole ICP-MS, promised to overcome small sample volume and sensitivity constraints 
by CE (Barnes, 1998). So far, the interfacing of CE and high resolution SF-ICP-MS has mainly 
seen analytical developments that are qualitative in nature (Paull and King, 2003). The transition 
of CE-ICP-MS from a qualitative to a quantitative technique is a necessary next step requiring 
detailed studies of potential bias i

Quantitative analysis of speciation is done by integration of peak areas on an 
electro

(Janos, 1999; Sonke and Salters, 2003). Electrophoretic separation of an equilibrated species 

n experimental speciation. 

pherogram and assumes that the relative peak areas reflect the initial speciation in the 
sample before analysis. Potential sources of inaccuracy in determining quantitative speciation 
have been recognized in T- changes due to Joule heating, inadequate buffering of pH, wall 
adsorption (Khaledi, 1998) and species disequilibrium (Paull and King, 2003; Piatina and 
Hering, 2000). We recognize disequilibrium processes as one of the most important and perhaps 
least emphasized processes capable of changing species concentrations during a separation 
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mixture is based on the differential mobilities of the species, governed by charge and size 
properties. Upon applying a high voltage (5-30 kV) the mixture of species will be separated into 
distinctly resolvable zones. However, upon separation, each individual species will be in 
chemic

es. As certified speciation standards are generally not available, we aim to address 
the latt

ort in the aquatic environment (Morel and 
ering, 1993). Over the last decade metal-humic binding models have become more 
phisticated in nature and are capable of predicting a range of trace metal binding (Milne et al., 

2003; Tipping, 1998). Th n data to calibrate these 
odels and because of its excellent detection capabilities CE-ICP-MS can be an important 

techniq
 conventional ligand competition method (Clark and Choppin, 1996); EDTA is added 

to a metal humic mixture and the
separated by CE and detected re 

 

le solutions. All solutions were prepared in 

al disequilibrium with respect to its initial equilibrium composition and tend to move 
towards a new chemical equilibrium. The initial speciation may be lost depending on the rapidity 
or ‘kinetic drive’ towards new equilibrium on the time scale of the CE separation. If the 
separated species achieve new equilibrium before detection then the electropherogram does not 
reflect the true speciation. Obviously the establishment of a new equilibrium and speciation is a 
dynamic process as chemical species move continuously in the electrical field. The 
disequilibrium nature of CE and other separation techniques is often argued to exclude this type 
of experimental data (Mizera et al., 2001), though it is scarcely based on quantitative and 
theoretical grounds. 

The evaluation of the initial vs. measured speciation can be done in three ways: i) 
measurement of certified speciation standards, ii) simulations of speciation experiments 
involving all the relevant kinetic parameters and comparing these to experimental results, and iii) 
reproduction of well-known metal-ligand binding constants under a variety of pH and ionic 
strength valu

er two. The mathematical framework for simulating CZE experiments is available (Gas et 
al., 1995; Mosher et al., 1992; Palusinski et al., 1986; Saville and Palusinski, 1986), however it 
does not include reaction kinetics as these are often ill defined and computationally expensive. 
 In this study we will (i) summarize the kinetic theory of non-equilibrium metal ligand 
dissociation and conduct numerical simulations to determine the effect of metal-ligand 
dissociation during separation, (ii) identify the metal ligand complexes that are kinetically stable 
on the time scale of a CE-ICP-MS separation, (iii) report results of an experimental study into 
equilibrium complexation and complexation kinetics of Sm with Leonardite humic acid (HA). 
Our interest in humic acids relates to its strong binding properties towards di- and tri-valent trace 
metals, making it an important factor in metal transp
H
so

ere is thus a need for trace metal speciatio
m

ue for determining metal speciation. The experimental method for metal-humic binding is 
based on a

 metal-EDTA and metal-humic complexes are subsequently 
 online by ICP-MS. This method is published in detail elsewhe

(Sonke and Salters, 2003). 
 
 

4.2. Materials and Methods 

Indium, samarium and neodymium (10 ± 0.05 ppm in 2% HNO3) were obtained from 
High Purity Standards Inc. NaNO3, Na2H2EDTA, Na3NTA, citric acid, oxalic acid, acetic acid 
and HEPES were obtained from Johnson-Matthey. Leonardite humic acid standard were 
obtained from the International Humic Substances Society. Ultra-pure HNO3 (15 N) was 
prepared by sub-boiling distillation of reagent grade HNO3 (Fisher ACS grade). De-ionized 
water (>18 MΩ) was used to make all stock and samp
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acid washed bottles and vials under class-100 c ditions. A Denver Instruments pH 
eter and combination electrode was used for pH-activity measurements after calibration against 
IST standards (pH 4, 7 and 10). 

A detailed description of the CE-ICP-MS interface used in this study has been given 
lsewhere (Sonke et al., 2003; Sonke and Salters, 2003). In brief, a sheath flow interface was 

lene syringes) at flow rates of 10-30 µL.min  to a micro cross 
pChurch Sci.; Oak Harbor, WA) that also guides the CE capillary (Polymicro Technologies, 

0 um I.D., 110 um O.D.) and the ground electrode through the remaining three inlets. Sample 

arent Sm peaks. One 
measurement cycle lasts 1.00 seconds, yielding sufficient detail of chromatographic peaks 
(typically 10-200 sec or 
internal standard corr s. 

e optimized laminar flow and spray chamber volume (20 ml) for minimally required resolution 

4.3. Theory – Speciation Disequilibrium 

Given an eq ee 

form

diss

k
⎯⎯ →⎯⎯⎯        (4.1) 

with equilibrium co te 
constants: 

lean lab con
m
N

e
used to introduce the CE eluent to a Glass Expansion ‘micromist’ nebulizer, followed by SF-
ICP-MS detection. 2% HNO3 sheath flow solution that was pumped by a syringe pump (Harvard 
Apparatus 22, 20 ml BD polypropy -1

(U
5
injection was automated using a 6-port injection valve (Valco Instruments Co, Houston TX), 
controlled by a Microneb 2000 control unit (CETAC, Omaha, Neb). The capillary inlet was 
inserted through a second micro cross (Fig. 4.1) and guided to the outlet of the injection valve 
through 500 µm I.D. (1/16 inch O.D.) PFA tubing. A custom machined, 20 ml Teflon spray 
chamber was used to minimize spray chamber band broadening. All experiments were conducted 
with a guard electrode for enhanced sensitivity; typically 350,000 cps per 1 ppb In at 10 µL.min-1 
sheath flow. 

A Finnigan MAT “ELEMENT I”, high-resolution SF-ICP-MS was used as a mass 
specific detector. For transient signal detection the instrument rapidly switched between masses 
for internal standards 23Na (CE buffer electrolyte), 115In (sheath flow), and 147Sm (or 146Nd). It is 
essential to use internal standards to monitor nebulizer and plasma stability (In) and CE flow 
stability (inside CE capillary via Na) as interruptions in either will cause app

 wide). The ELEMENT operating software (version 2.1) was used f
ection (division by 115In), blank subtraction and integration of peak area

W
and maximum sensitivity (Sonke and Salters, 2003). 
 
 

 
uilibrated sample solution of metal, M, metal ligand complex ML and fr

ligand L: 

LM
k
⎯←+ ML

nstant KML defined as the ratio of formation and dissociation reaction ra

diss

form
ML

k
K =    

k
      (4.2) 

L away from ML in n 
chnique, the separated analyte zones of L and ML (UV-VIS) or M and ML (ICP-MS) can be 

nly one molecule and (b) a more 
alistic case with multiple layers of ML complexes. 

The typical conditions of a CE experiment are used to induce electrophoretic migration of M and 
to distinct, baseline resolved analyte zones. Depending on the detectio

te
quantified. Fig. 4.1 illustrates this for a CE separation of M, L and ML in two simplified cases: 
(a) all analytes are located in a sample plug with a thickness of o
re
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uFig re. 4.1. Illus n of a CE paration of M L and ML a e molecular level. Case (a) 
ts recomb nd L, while case (b) forms the basis of the more 

listic reactive ort model.

itial sample zones (t=0) reflect equilibrium between M, L and ML. The time indicators don’t 
reflect absolute time, but rather indicate successive time steps. Fig. 4.1 therefore does not suggest 

tratio  se , t th
preven ination of M* and L* with M a
rea transp  
 
 
In
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that physical movement of analytes due to electrosmotic flow (EOF), siphoning and 
electrophoretic mobility (EM) occurs on the same timescale as ML dissociation, as in reality 
these can vary over many orders of magnitude. Upon separation of M, L and ML into separate 
zones, each zone will be in dis-equilibrium and the kinetic reactivity of association for M and L, 
as well as the kinetic dissociation of ML will determine whether any detected analytes are still 
representative of the initial speciation in the equilibrated sample. This potential mechanism of 
speciation bias can be addressed within the framework of complex formation and dissociation 
kinetics (Margerum et al., 1978). In the single molecule layer of Fig. 4.1a the dissociation 
products M* and L* will never recombine to give M*L* due to opposite electrophoretic mobility 
and we can assume first order kinetics for the dissociation of ML (Eq. 4.1): 

 

][
][

MLk
dt

MLd
diss−=          (4.3) 

 
where kdiss is derived from Eq. 4.2 and the complex formation rate constant, kform. ‘kform’ is 
approximated by the product of the equilibrium constant for metal ligand outer sphere (OS) 
complexation, KOS, and subsequent water loss rate constant, k-w (Margerum et al., 1978; Morel 
and Hering, 1993): 
 

wOSform kKk −×=          (4.4) 

 
such that: 

ML

wOS
diss

K

kK
k −×

=          (4.5) 

 
Integrating Eq. 4.3 results in: 
 

tkdisseMLML
−= 0][][          (4.6) 

 
, which describes the exponential decay of [ML] in a similar fashion to ra

e conveniently captured in terms of metal-ligand half life, t1/2: 

form -w form aximum 

d Hering, 1993). When KML has been 
entally, one can then calculate kdiss

dioactive decay and can 
b
 
t1/2 = -ln(0.5)/kdiss         (4.7) 
 
KOS depends on the charge of the reacting species and the ionic strength (IS) and can be 
estimated theoretically (Margerum et al., 1978; Morel and Hering, 1993). Based on encounter 
theory, the formation rate constant, kform, has a theoretical upper limit set by diffusion of ~1010-
1011 mol.sec-1,. The theoretical approximation of KOS for highly charged ions like Sm3+ and 
EDTA4- , NTA3- or Citrate3- results in large values of KOS (~105) and subsequent overestimations 
f k  , i.e. with k  for Sm3+ of 108 sec-1, k  will be 1013 sec-1 which surpasses the mo

physical limit based on diffusion by two orders of magnitude. The complex formation reaction 
between Sm3+ and EDTA4- is therefore diffusion limited and we approximate kform by setting it to 
1010 sec-1. ‘k-w’ has been determined experimentally for a range of metal cations and varies over 

f magnitude (Ma16 orders o
determined experim

rgerum et al., 1978; Morel an
 through detailed balancing (Eq. 4.2) and 
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determine the full set of kinetic and thermodynamic relationships (kform, kdiss and KML) for a 
ticular metal ligand interaction. Table 4.1 shows calculated values for t1/2 for a range of metal 

cations and six organic ligands of increasing binding strength. ML complexes with half-lives that 
redicted to be longer than 1 second are indicated in ‘bold’ suggesting that these complexes 

ay be worthwhile investigating. Due to the uncertainties in both theory and experimental values 
 K and k-H2O, this table should only be used as a guideline; i.e. for t1/2 < 0.001 experimental 

k t1/2 < 1000 sec, potential bias needs 
>1000 sec ML is most likely non-labile on the timescale of a 

n. By evaluating the more realistic case illustrated in Fig.4.1b we will attempt to 
hlight the inaccuracies of case (a) and Table 4.1 and eventually discuss the usefulness of 

able 4.1 (and Eq. 4.7) as a simple diagnostic tool in predicting equilibrium bias in CE-ICP-MS. 

able 4.1. Summary of ML half-lives, t1/2 (given as log values) for different metal-ligand 
omple

par

are p
m
for
detection of ML by CE is li
to be addressed and for t

ely to be unsuccessful, 0.001 < 
1/2

separatio
 

hig
T
 
T
c xes. All input data (only water loss rate constant k(-w) shown) from Morel and Hering 
(25 ºC, 0 IS) (Morel and Hering, 1993), except oxalate (Martell and Smith, 1998). 

log(t1/2) 

 k(-w) Acetate Oxalate Citrate NTA EDTA 

 sec
-1

sec sec sec sec sec 

Pb 7.10
9

-7 -6 -5 2 10 
Hg 2.10

9
-4 -3 2 6 13 

Cu 1.10
9

-8 -5 -3 4 10 
Ca 6.10

8
-8 -7 -5 -3 2 

Cd 3.10
8

-7 -6 -5 1 8 
La 

5 11 
2 -3  6 10 18 

Al 1.10
0 12 

Cr 5.10
-7 10 7  8 25 

1.10
8

-7 -5 -3 0 5 
Zn 7.10

7
-7 -5 -4 2 8 

Mn 3.10
7

-7 -6 -5 -1 5 
Fe(II) 4.10

6
-6 -6 -4 0 6 

Co 2.10
6

-6 -4 -3 2 8 
Mg 3.10

5
-5 -4 -4 -2 1 

i 3.10
4

-4 -1 -1 N

Fe(III) 2.10

1 3 3 8 

 
 

Fig. 4.1b illustrates the complexity of a more realistic multiple layer model. As soon as M 
moves towards the anode and L towards the cathode, ML in the two outer sample layers becomes 
unstable and will proceed towards a new equilibrium by dissociation. Secondary M* and L*, 
derived from dissociation of ML in the outer layers will migrate into the inner layers providing 
the basis for recombination into M*L, ML* and M*L* and thus retarding dissociation of ML in 
the inner layers. The apparent dissociation rate of ML in the entire sample zone can therefore be 
limited by the rate at which M* and L* are being removed by e.m. from the ML analyte zone. 
This should cause an apparent t1/2* that exceeds the minimal t1/2 of case (a). Additionally because 
of dissimilar e.m.’s, diffusion and dispersion coefficients for M and L, the separated species (Fig. 
4.1b) may have asymmetrical concentration distributions in reality. The kinetic expression for 
ML dissociation in the sample zone now requires recombination of M* and L*: 
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][]][[
][

MLkLMk
dt

MLd
dissform −=        (4.8) 

 
q. 4.8 for ML dissociation is of higher order than Eq. 4.3 and non-linear (open system, where 

s 
formula

E
[M] and [L] will vary due to EM, diffusion and siphoning related dispersion). An analytical 
solution to derive t1/2* is impossible because of the non-linearity and one has  to use numerical 
methods. In an ongoing effort to address sources of band broadening and artifacts in quantitative 
speciation by the use of numerical simulations, we expand here upon our existing 1D simulation 
algorithm (Sonke and Salters, 2003). The mathematical implementation of Eq. 4.8 into the 
advection-dispersion equation is straightforward as it is merely an addition of a reaction term. In 
order to simulate a metal-ligand experiment numerically, we approximate the volume of a CE 
capillary by a one-dimensional grid consisting of typically 500-5000 nodes. At each node the 
change in concentration of analytes (i.e. M, ML, L) is calculated based on their movement due to 
advective (siphoning, EOF and EM), dispersive (diffusion and laminar flow), and reaction (i.e. 
dissociation and formation of ML) sources. The corresponding reactive transport equation i

ted as: 
 

R
dx

cd

L

V
uu

dx

cd
KD

dt

cd

cap
cemeofsiphcc +++−+=

][
)(

][
)(

][
,2

2
µ    (4.9) 

 
 
where ‘c’ is [M], [L] or [ML], the cross sectional averaged concentrations of analyte (mol.L-1) at 
each grid node, Dc and Kc are the diffusion and laminar flow induced dispersive coefficients for 
analytes ‘c’ [m2.sec-1], usiph is the average siphon velocity (m.sec-1), ueof is the electrosmotive 
velocity (m.sec-1), µem,c is the electrophoretic mobility of c (m2.Volt-1.sec-1), V is the separation 
voltage (Volts), Lcap is the capillary length (m) and R is the reactive term which is summarized in 
Table 4.2 for c=M, L1, ML1, L2 and ML2 where sub-and superscripts ‘1’ and ‘2’ indicate a 
reaction involving ligand one or ligand 2 and the corresponding reaction rate constants. 
 
Table 4.2. Summary of reaction term, R, in Eq. 4.9 for the different analytes, M, L and ML in the 
simulations. Ligand competition simulations have additional L  and ML  species which have the 
same expressions for R as L  and ML . 

2 2

1 1

Species, c Reaction term, R, in Eq. 4.8 
3 species, M, L1, ML1  

( )][]][[ 1
1

1
1 MLkLMk

dissform
−−  M 

ML1 ]][[][ 1
1

1
1 LMkMLk

formdiss
−  

L1 ( )][]][[ 1
1

1
1 MLkLMk

dissform
−−  

5 species, M, L1, ML1, 

L2, ML2

 

M ( ) ( )][]][[][]][[ 2
2

2
2

1
1

1
1 MLkLMkMLkLMk

dissformdissform
−−−−  
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Keeping the numerical complexity to a minimum, we approximate the partial differentials 

in Eq. 4.9 by explicit finite difference approximations; forward time backward space 
(FTBS)(Anderson et al., 1984) for the time derivative, d[ML]/dt, forward time central space 
(FTCS)(Anderson et al., 1984) for the dispersive term, d2[ML]/dx2, and the Lax-Wendroff 
scheme(Press et al., 1986) for the advective term, d[ML]/dx]. The explicit approximations then 
allow the analyte concentrations to be calculated at time ‘t + dt’, based on the concentration 
distribution at time ‘t’ (initial conditions). In order to simulate the loading of a sample, the 
boundary conditions at the first node (x=0) can be switched from ‘buffer’ concentrations to 
‘sampl

s, 2001) number, expressed as the quotient of the 
inetic rate of dissociation over the advective (e.m.) rate of removal (sec-1/sec-1): 

e’ concentrations. 
It is useful to compare the timescales on which the different physical and chemical 

processes redistribute analytes. The temporal scale of ML dissociation and the subsequent 
movement of M* and L* in space can be compared to determine whether ML dissociation is 
kinetically limited or transport limited. In order to compare these two processes we use the 
dimensionless ‘Damköhler’ (Oran and Bori
k
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metal does not significantly change the ligand charge and shape. A Da number cannot be defined 
 this case. ML dissociation for organic polyeletrolytes is expected to be extremely slow, as M* 

). Depending on the rapidity of 
reaction kinetics (kform and kdiss), stable numerical solutions were achieved at typical values for dt 

els see (Mosher et al., 1992; Palusinski et al., 1986; Saville and 
alusinski, 1986)). Rather, we focus on formulating non-complicated (explicit) numerical 

analyte ligands are kinetically fast and therefore at equilibrium on the scale of the simulation 
time steps (Janos, 1999; Timerbaev, 1997). Therefore simulations results are only for M, L1 and 
ML1 species and for additional species ML2 and L2 in ligand competition simulations. We did 
not include background electrolyte and buffer species and therefore omitted small changes in the 
electrical field, based on a charge balance. 

Animations are the preferred format for visualizing simulation results and are included as 
separate files to this dissertation in Quicktime format. Animation file names are labeled 
“movie_#”

in
will immediately bind with available free L. A simulation of this special case will be evaluated. 

Simulations were run with Microsoft© Visual Fortran on a 2.4 GHz PC; double precision 
for all parameters was essential to minimize mass balance violations (see Appendix A.3.3). Data 
visualization was performed with MatLab (Release12, The Mathworks) in the form of ‘.avi’ 
animations showing the progression of concentration profiles, analyte mass balances, ML t1/2’s 
and ICP-MS detected electropherograms with time (see Appendix A.3.4). The main 
computational difficulty is the widely disparate timescales of the migrational processes: kinetics 
(nsec), diffusion (µsec), dispersion (msec) and migration (min

of 0.1 – 100 µsec and for dx of 0.1-0.5 mm, leading to simulation times on the order of 1-200 
hrs. We stress that the numerical stability of the Lax-Wendroff scheme in our application heavily 
depends on the presence of the siphoning effect, which has a tendency to rapidly smooth 
concentration discontinuities thereby preventing numerical oscillations and mass balance 
violations. Our model then is not aimed at simulating all aspects of CE in all its different forms 
(ITP, CZE, MEKC; for these mod
P
schemes to address important issues of experimental artifacts in CE-ICP-MS, and to stimulate a 
more rapid development of quantitative CE-ICP-MS. 

 
 

4.4 Results and Discussion 

 
4.4.1. Simulations 

In all of our simulations we implicitly assume that protonation reactions of buffer and 

 and numbered consecutively. In addition animation snapshots are explained as 
figures. As a first test case, five simulations were run for mixtures of Sm3+ with ligands of 
increasing binding strength: acetate, oxalate, citrate, NTA and EDTA. These 5 ligands cover a 16 
order of magnitude variation in binding strength. Calculation of kform from KOS and k-w (Eq. 4) 
results in values > 1010 for all ligands except acetate (109.4). Assuming all complex formation 
reactions to be diffusion limited, kform was set to 1010 sec-1 which resulted in Da numbers of ~108 
(acetate) –  ~10-8 (EDTA). This simulation series will therefore allow a comparison of simulated 
half life, t1/2-sim to theoretical t1/2 (Eq. 4.7) and apparent t1/2

* (Eq. 4.11) values. All relevant 
simulation parameters are given in Table 4.3. Initial chemical speciation was computed with 
MINEQL (Westall et al., 1976) at infinite dilution and 25 ºC.  

Fig. 4.2 shows the simulation results for citric acid (movie 1). Fig’s 4.2a-d each contain 
consecutive snapshots of [Sm], [SmCit], [Cit] and Smtot distributions inside the CE capillary 
(time progression is indicated by increasing line thickness). The four right hand diagrams (Fig’s 
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4.2e-h) show the integrated amount of species inside the capillary [moles] and tracks the loading 
phase (0-10 sec), changes due to ML dissociation, the elution phase as well as numerical mass 
balance violations (computational artifacts). 
 
Table 4.3. Simulation parameters and t1/2 results for ML dissociation. Additional fixed parameter 
values were: k-w for Sm3+ 1.108 sec-1; total Sm 20 nM; total L 4 µM; usiph 0.15 cm.sec-1; ueof 0.15 
cm.sec-1; tinj 10 sec. 
Ligand units acetate oxalate citrate NTA EDTA HA 

logK L.mol
-1

2.9 6.1 9.7 13.1 19.2 13.0 

Lcap cm 10 20 50 50 50 50 

V volt 2 4 10 10 10 10 

dt µsec 0.1 10 100 1 100 100 

dx mm 1 0.1 1 0.1 0.5 1 

[Sm] mol.L
-1

2.0.10
-8

3.5.10
-9

1.4.10
-12

9.0.10
-13

6.9.10
-18

6.4.10
-16

[SmL] mol.L
-1

6.4.10
-11

1.7.10
-8

2.0.10
-8

2.0.10
-8

2.0.10
-8

2.0.10
-8

[L] mol.L
-1

4.0.10
-6

4.0.10
-6

3.2.10
-6

1.9.10
-9

2.1.10
-10

4.0.10
-6

µ(M) 10
-8

 m
2
.V

-1
.sec

-1
7

a)
7

a)
7

a)
7

a)
7

a)
7

a)

µ(ML) 10
-8

 m
2
.V

-1
.sec

-1
5

d)
-3.8

d)
0 0 -3.8

c)
-5

b)

(L) 10
-8

 m
2
.V

-1
.sec

-1
-5

d)
-5

d)
-5

d)
-5

c)
-5

c)
-5

b)

.10
-10

5.3.10
-5

a 
 

9.10
7

7.10
4

2.10
1

9.10
-3

5.10
-9

8.10
-3

log(t1/2) 

µ

kform sec
-1

10
10

10
10

10
10

10
10

10
10

8.8 10
8

Kdiss sec
-1

1.2.10
7

8.6.10
3

2.1 8.3.10
-4

7.1

D

sec -7.2 -4.1 -0.5 2.9 9 2.7 

log(t1/2*) sec 0.7 0.8 0.9 0.9 0.7 0.6 

log(t1/2)sim sec -0.5 0.5 1.2 3.5 9 7.8 

a) from (Weast, 1999). 
b) see experimental section (this paper). 
c) from (Owens et al., 2000). 
d) estimated, based on similar charge/shape properties of NTA3- or SmEDTA-. 
 
 
The bottom diagram (Fig. 4.2i) shows the simulated 147Sm electropherogram that will be 
observed by the ICP-MS. Citric acid was taken as an example because it shows the gradual 
dissociation of the SmCit complex during the se aration. The dissociation is traceable from the 

L and Sm-EDTA (not shown) reveals extremely slow ML dissociation, which was only 
oticeable from minor [Sm] increases in the integrated profile. 

p
rapid decrease in SmCit peak height (Fig. 4.2b), the simultaneous decrease in total (integrated) 
SmCit species (Fig. 4.2f) and the progression of the Sm concentration profile (Fig. 4.2a). In 
contrast simulations of Sm-acetate (not shown) resulted in nearly instantaneous dissociation of 
M
n
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Figure 4.2(a-i). Simulation results for Sm – citric acid mixture. a through d show the distribution 

t and Cit in the capillary as a function of distance from the inlet. Snapshots of species Sm, SmCi
of continuous simulation are captured by increasing line ‘boldness’ with time. The right hand 
plots (e-f) show integrated species concentra-tion, reflecting the total amount of a species, 
[moles], inside the capillary at a given time. Plot (i) reflects the calculated electropherogram that 
wil be observed by the detector. 
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Simulations half-lives, t1/2–sim, were automatically calculated from total [Sm] increase (Fig. 
4.2e) and/or total [SmCit] decrease (Fig. 4.2f) and reflect average values during a simulated CE 
separation. 
 These values are given in Table 4.3 for all six Sm-ligand simulations and shown in Fig. 
4.3 as a function of ML bindin

*
g constant (bottom x-axis) and Da number (top x-axis) together 

with estimated t1/2 and t1/2  values from Eq. 4.7 and 4.11. It is clear that for log(Da)<0 ML 
dissociation is reaction limited and t1/2–sim values approximate t1/2, while for log(Da)>0 ML 
dissociation is mobility limited with the result that the apparent t1/2

* is a better approximation.

 
 
Figure 4.3. Summary of theoretical ML half-lives, t1/2 (corresponding to Fig. 4.1a), apparent ML 
half-lives, t1/2* (corresponding to Fig. 4.1b) and simulated half-lives, t1/2-sim. 
 
 

Based on the simulation results, the t1/2 values given in Table 4.1 only have physical 
significance for those experiments with Da<1. For weaker ML complexes (Da>1) the apparent 
ML dissociation can be estimated with Eq. 4.11 for the appropriate experimental conditions. This 
is of limited practical use, however, as any attempt to separate and detect labile ML complexes is 
bound to suffer from artifacts due to dissociation, unless the purpose of the experiment becomes 
to extract kinetic information (i.e. comparing simulations with kinetically biased experiments). 
We suggest that the t1/2 values of Table 4.3 can be useful when they are interpreted as first order 
indicators of potential disequilibrium bias rather than quantitative complex half-lives. If the 
calculated half-life is shorter that the time of the experiment, then most likely the 
electropherogram will contain artifacts due to disequilibrium. An additional simulation was 
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determined for SmHA complexes, in order to investigate how the similarity in electrophoretic 
mobility, EM, of HA and SmHA should influence the potential experimental SmHA half-life.  

 
Figure 4.4(a-i). Simulation results for Sm – humic acid mixture. See Fig. 4.2 caption for panel 
explanation. SmHA dissociation is extremely slow and dictated by dispersion related differential 
mobility out of the SmHA+HA analyte zone due to similar electrophoretic mobilities. 
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Table 4.3 contains the relevant simulation parameters (equilibrium and kinetic constants were 

obtained from experiments as outlined in the experimental section) and Fig. 4.4 summarizes 

simulation results in the outlined format (see also movie 2). The main observation is the 

extremely slow increase in free Sm
3+

 (Fig. 4.4e) and the plateau-like Sm
3+

 concentration profile 

(Fig. 4.4a) that develops over time. The plateau feature indicates that Sm* is released from the 

SmHA analyte zone at a constant rate due to SmHA dissociation into Sm* and HA*. Because 

SmHA and HA(and HA*) have the same EM, the only mechanism for Sm* to escape the 

‘SmHA+HA’ analyte zone is by dispersion and diffusion, which tends to be an extremely slow 

process 

.  

 

Figure 4.5(a-c). Illustration of metal adsorption to the silica capillary wall: 10 sec injection of 20 

nM NdEDTA (a), free Nd
3+

 (b) both in HEPES buffer (pH 7) at 0.01 M IS and a 0.1 M HNO3 

washout after the free Nd
3+

 experiment (c). 

 

 

4.4.2. Experiments 

From the experimental perspective, visualizing dissociation artifacts as outlined in the 

presented simulations is not possible due to an additional source artifact. Free metal ions may 

have a binding affinity for the silanol surface groups of the silica capillary, which typically 

increases with increasing valence. The loss of free metal ions to silanol sites can be avoided by 
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performing experiments at low pH or high ionic strength, thereby providing a competitor (H
+
 or 

cation). The charge on the capillary wall can be reversed by adding surface charge modifiers 

(Lucy and Underhill, 1996), though this may induce wall adsorption of negatively charged 

analytes such as humic acids. Bi- and tri-valent ions require similar charged background 

electrolyte cations (Ca
2+

), which may interfere with the analytes of interest (ligands), thereby 

complicating the experiments. 
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Figure 4.6(a-b). Response curves for different Sm and Nd complexes as a function of metal 

concentrations at excess ligand concentrations: Nd
3+

, NdCitrate, Sm
3+

, SmCitrate and SmNTA 

reveal disequilibrium bias, while Nd
3+

 (in 0.1 M acid), NdFA, SmHA and SmEDTA have similar 

maximal response curves. All Sm solutions (a) are buffered at pH 7, 0.01 IS. For Nd species (b), 

the legend indicates the specific buffer used. 
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Our choice for the strong ligand competition method is to avoid both the capillary wall 

adsorption and disequilibrium problems. The extent of metal-wall adsorption is illustrated in Fig. 

4.5a-c. Fig. 4.5a shows an electropherogram for 20 nM Nd in the presence of excess EDTA and 

buffered at pH 7 and 0.01 M IS. Injection of 20 nM Nd in the absence of strong ligand EDTA 

results in Fig. 4.5b (dominant Nd species is free Nd
3+

 at pH 7). No significant Nd peak is 

observed. Subsequent rinsing of the capillary with 0.1 M HNO3 results in a large Nd washout 

profile that we interpret to be Nd released from adsorption sites on the capillary wall. The 

injections outlined in Fig. 4.5a-c suggest that any free Nd
3+

 will be strongly adsorbed to the 

capillary wall, regardless of whether it was initially present as free Nd or a product from the 

dissociation of a Nd-ligand complex due to disequilibrium bias (Nd*). To investigate 

disequilibrium bias related loss of Nd (or Sm) further, we injected samples of Sm and Nd in the 

presence of excess FA, EDTA, NTA and Citrate and Nd in 0.1M HNO3 and compared the 

integrated surface areas. Fig. 4.6a shows that SmEDTA and SmSRFA have similar response 

curves, confirming earlier experiments (Sonke and Salters, 2003). Labile Sm
3+

 yields no 

significant peak above background, and neither does SmCitrate. SmNTA results in intermediate 

surface areas, suggesting that roughly half of the initial SmNTA complexes reached the detector. 

Note that these response curves are determined without high voltage, such that siphoning is the 

only process responsible for moving the analyte plug towards the detector. We interpret these 

results as a continuous process of Sm adsorption to the capillary wall, followed by rapid 

dissociation of SmCitrate and SmNTA (Table 4.1; t1/2 ~ 10
-3

 and 10
0
 respectively). Upon 

applying high voltage, SmNTA surface areas decreased towards baseline level, indicating the 

presence of strong voltage induced disequilibrium bias as predicted by Table 4.1; SmNTA t1/2 ~ 

10
0
 sec ± 2 orders of magnitude. Results for Nd (Fig. 4.6b) are similar and inclusion of acidified 

Nd
3+

 samples shows similar response curves to NdSRFA and NdEDTA, indicating absence of 

disequilibrium bias. 

The preferred ligand competition method for determination of conditional equilibrium 

constants of REE-HA (Sonke and Salters, 2003) also lends itself for obtaining kinetic 

information on metal humic interactions. After letting a solution of 100 nM Sm and 10 mg/L HA 

equilibrate for 48 hours, EDTA was added to a final concentration of 1 µM. As Sm speciation in 

this solution progressed towards a new equilibrium, we determined its speciation during the next 

24 hours. Fig. 4.7. shows the change in Sm speciation in the detected electropherograms as a 

function of reaction time. SmEDTA elutes before SmHA due to its smaller (negative) e.m. and 

the relative peak area of SmEDTA increases with reaction time.  Fig. 4.8 shows the quantitative 

SmHA progression after peak integration. A gradual decrease is observed and after ~10 hours a 

new equilibrium is reached. The conditional equilibrium binding constant for SmHA binding 

represented by Eq. 1 can be extracted from the experimental data (>10 hrs) by taking into 

account HA and EDTA protonation reactions and SmEDTA binding as described in detail 

elsewhere (Sonke and Salters, 2003). The reactions and binding constants involved are 

summarized in Table 4.4, the experimental composition for the major components in Table 4.5.  
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Table 4.4. Relevant reactions and their equilibrium constants, given as log K values, to interpret 
experimental results. The experimen
 Log(K) at 0 IS, 25ºC Reference 

tal solution composition is given in Table 4.5 caption. 

H+FA=HFA 4.59 (Ritchie and Perdue, 2003) 
H+EDTA=H.EDTA 
H+EDTA=H2EDTA 17.80 (Morel and Hering, 1993) 

21.04 (Morel and Hering, 1993) 
23.76 (Morel and Hering, 1993) 

  
Sm+EDTA=SmEDTA 

11.12 (Morel and Hering, 1993) 
2
3H+EDTA=H3EDTA 
H+EDTA=H4

 
4EDTA 

19.70 (Martell and Smith, 1998) 
 
 

 
 
 
Figure 4.7. 3D plot of stacked electropherograms that track the changes in speciation in a Sm-
EDTA-HA solution. SmEDTA elutes first, followed by the higher charged SmHA. The 
experimental solution composition is given in Table 4.5 caption. 
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Table 4.5. Experimental data of Sm-EDTA-HA equilibration. Exact solution composition: Smtot 
1.02 10-5 mol.L-1; EDTAtot 9.96 10-6 mol.L-1; HA 19.90 mg.L-1; Natot 1.06 10-2 mol.L-1; NO3,tot 
7.76 10-3 mol.L-1; HEPEStot 9.73 10-3 mol.L-1; pH 7.03. 

time [SmHA] [SmEDTA]

sec % % 

   

0 100 0 

560 96 4 

860 95 5 

1220 93 7 

1580 92 8 

2060 91 9 

2570 90 10 

3680 86 14 

4955 82 18 

6260 79 21 

7535 76 24 

16115 67 33 

65315 65 35 

 

 
 
Figure 4.8. Time progression of SmHA peak surface areas, shown in Fig. 4.7. SmEDTA species 
(not shown) adds speciation up to 100%. A gradual change in speciation towards equilibrium is 
shown to take place over 10 hours. First order dissociation kinetics are only valid as t→0, where 
it approaches the tangent of a numerical higher order fit that was used to solve the extract the 
relevant kinetic parameters from the experimental curve. 
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The Sm-EDTA-HA ligand competition experiments essentially track the overall exchange 
reaction, with equilibrium exchange constant, Kexch (charges are omitted):  
 

 ,Kexch   (4.12) 

 

HAEDTASmEDTAHASm exch

exch

k

k
+⎯⎯ →⎯⎯⎯⎯ ⎯←+

−
..

]][[

]][[

HASmEDTA

EDTASmHA
exchK =         (4.13) 

 
where all square brackets indicate species concentrations in mol.L-1. Under the experimental 
conditions (pH 7 and CO2 saturation), Sm-hydroxide and Sm-carbonate complexes are 
insignificant in the presence of EDTA and HA. We experimentally quantified [SmEDTA-] and 
[SmHA] in units of concentration and {H+} activity by pH measurement. The LHA protonation 
constant (4.59) and COOH site density (4.72 meq.g-1 LHA) are obtained from the literature 
(Ritchie and Perdue, 2003). EDTA protonation and binding constants for Sm and EDTA are 
from Smith and Martell (NIST database, 25 ºC and 0 infinite dilution) and the Davies equation 
was used for all ionic strength corrections (with a=0.5 and b=0.2). All relevant binding constants 
are summarized in Table 4.4. Free ligand concentrations, [EDTA] and [HA], are estimated from 
protonation reactions (Table 4.4) and mass balances. Inserting the experimentally determined 
[SmHA] and [SmEDTA] and calculated free ligand concentrations [EDTA] and [HA] into Eq. 
4.13 will give Kexch. The conditional binding constant for Eq. 1 can then be obtained by 
substituting the equilibrium expression for SmEDTA complexation, with logKSm.EDTA = 19.70 
(Table 4.4), resulting in logKSmHA = 13.04 at pH 7 and 0.01 M IS. 

For the SmHA dissociation experiment (Fig. 4.8) with component (SmT 0.1 µM; HAT 10 
mg/L; EDTAT 1 µM) concentrations, we calculated the kinetic rate constants as follows; Fig. 4.8 
tracks the kinetic changes of the reaction given above (Eq. 4.12) for which we define the rate of 
change in SmHA concentration: 
 

]][[]].[[
][

EDTASmHAkHASmEDTAk
dt

SmHAd
exchexch −= −    (4.14) 

 
Our experimental recipe does not allow us to simplify Eq. 4.14 into a first order rate expression, 
as [HA] is the only concentration term that does not significantly change during the reaction. We 
therefore solved this higher order kinetic rate expression numerically for k-exch and kexch by 
iteration. Selecting a best guess for k-exch (note minus sign), one can determine kexch from KSm.HA 
(Eq. 4.1) via the concept of detailed balancing and then calculate [EDTA] from protonation 
reactions and the EDTA species mass balance. [HA] is essentially constant during the 
experiment. The best fit for k-exch was achieved iteratively by minimizing the residual error (root 
mean square error, RMSE (Benedetti et al., 1996a)) for all data points in Fig. 4.8, resulting in 
kexch = 4.00×105 mol.sec-1 and k-exch = 1.58 mol.sec-1. It is important to realize that the kinetic 
information for the exchange reaction (Eq. 4.12) is not of any particular interest. The important 
equilibrium and kinetic constants we sought out to investigate concern the reaction between Sm 
and HA according to Eq. 4.1. We can arrive at their values by recognizing that the reaction 
mechanism of ligand exchange is more complex than just Eq. 4.14. Slightly more realistic, 
though still a simplification, is the following disjunctive (Hering and Morel, 1990) mechanism: 
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The rate expression for SmHA is: 
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form
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k

k
.

3

3
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HAm
HASm

  []][[ SkHASmk
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d
dissform

−=    (4.18) 

 
which becomes a first order expression in the limit of time going to 0. This is illustrated in Fig. 
4.8 by the 1st order fit that coincides with the higher order numerical fit very early on in the 
experiment. Mathematically, the 1st order fit is the tangent to the higher order fit as t→0. The 
numerical value for the tangent yields ol.sec-1 and by detailed balancing (Eq. 

.2) k2
form = 5.90×108 mol.sec-1. This valu  the theoretical expression for 

form (k

lower kinetic rates of formation than we do; i.e. ~10 and10  sec  (Artinger et al., 2002; 

k2
diss = 5.3×10-5 m
e can be compared with4

k form=KOSk-w; Eq. 4). For SmHA interaction however, KOS is unknown, yet is expected to 
be small due to steric hindrance and monovalent charge of HA functional groups. A theoretical 
estimate for KOS for complexes with +3 ions and –1 charged ions (Sm3+-COO- interaction) is 
~5.3 at 0.1 mol.L-1 IS(Morel and Hering, 1993). k-w therefore causes most of the variation in 
kform. The literature value for k-w for lanthanides (Ln’s) range from 8 ×107 - 6 ×108 mol.sec-1 
(Margerum et al., 1978), which after multiplication by KOS of 5.3 correlates with our 
experimental value of 5.90×108 mol.sec-1. Our experimental results are therefore compatible with 
well-established physiochemical properties of lanthanide ions.  

Published studies have required fitting of experimental data by multiple binding sites 
involving fast and slow association/dissociation steps (Geckeis et al., 2002; Schuessler et al., 
2000), however this study attains an excellent fit with only 1 binding site, similar to others. 
Membrane dialysis radiotracer methods report single site dissociation constants, k2

diss of 6.6 10-8 
sec-1 at pH 6, 0.01 IS, 10-7 M Eutot and 10 mg.L-1 Aldrich HA. Over the pH 3-6 and IS range 
0.01-0.1, k2

diss was 4.3 10-5 - 6.6 10-8 sec-1, yet the authors note that these are apparent 
dissociation rates that are likely too slow due to recombination of dissociated Eu (compare with 
Eu* in this study) with HA before it diffuses through the membrane. Clark and Choppin (Clark 
and Choppin, 1996) report k2

diss ranging from 100-10-5 sec-1 (Sm-Lake Bradford HA, pH 4.2, 0.1 
M IS). Geckeis et al. report two kinetic rates of ~10-4 and10-6 sec-1 (EuHA, pH 8, 0.1 M IS) based 
on a Chelex scavenging method. Schuessler et al. (Schuessler et al., 2000) and Artinger et al. 
(Artinger et al., 2002) determined values for Am(III)HA dissociation of 10-3.5 -10-6 sec-1 for the 
KICAM model. Our value for k2

diss of 5.3×10-5 mol.sec-1 falls in this range of quoted values, 
though variable conditions and experimental techniques contribute to the 1000 fold variations. 
Indeed, MHA dissociation rate constants have been shown to depend on pH, IS and M/HA ratio 
(Mizera et al., 2001). Our value for logKSmHA of 13.04 is higher than the logKNdFA of ~11, which 
is in accordance with humic and fulvic acid models (Milne et al., 2003; Tipping, 1998). 
However, 13.04 is at the upper of the literature range of ~6-10 (determined at pH 4-6, see 
compilation in (Sonke and Salters, 2003)), except the maximum value of 13.1 found at pH 9, 0.1 
IS for Eu-Aldrich HA (Maes et al., 1991). The few studies that determine both dissociation rates 
(similar to our results) and equilibrium constants (lower than our results), conclude accordingly 

1.5 2.5 -1
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Geckeis et al., 2002; Schuessler et al., 2000) compared to 5.90 108 mol.sec-1 (this study). We feel 
that the correlation of our faster formation rate constant with physicochemical theory 
(kform=KOSk-w>10-7; Eq. 4.4) implies correctness of the equilibrium constant. There is no physical 
reason why the kinetic rate of formation for REE with HA should be 5 orders of magnitude 
slower than the rate-limiting step of water loss (k-w), especially when considering that 
hydrophilic, charged functional HA groups coordinate towards the solution interface. 

A theoretical SmHA complex half-life according to Eq. 4.7 can be calculated by inserting 
‘kdiss’ = k2

diss = 5.3×10-5, resulting in t1/2=3.6 hours. Although this result acknowledges our initial 
assumption that REE-HA complexes are stable on the timescale of a CE separation, we pointed 
out in the SmHA simulation that this is an underestimation and that experimental half-lives are 
orders of magnitude larger due to similar EM’s of SmHA and HA. Having determined the 
SmHA equilibrium and kinetic constants experimentally, we inserted them into the simulation 
model in an attempt to simulate a full Sm-HA-EDTA ligand competition experiment. The results 
are shown in Fig. 4.9 in the format used earlier (see also movie 3). The most noticeable features 
are the time progression of Sm concentration profiles inside the capillary (Fig. 4.9a). The steady 
state release of Sm from SmHA dissociation is reflected in the concentration plateau on the left 
side of the Sm peak, while the increasing bulge at the front of the peak reflects the relatively 
rapid release of Sm from SmEDTA (by tracing the bulge down to Fig. 4.9b for SmEDTA). 
Overall the time integrated increase in Sm is small and stays on the order of 10-23 M (Fig. 4.9e), 
while SmEDTA and SmHA don’t dissociate significantly during the separation (Figs. 4.9f and 

). These simulated observations strengthen our experimental observations (this paper and 
onke and Salters, 2003), that disequilibrium bias is not significant in the ligand competition 

method for determining metal humic equil netic constants. 
 

 manner a rapid assessment of quantitative 
ias can be made without having to resort to simulations, thereby aiding a more efficient design 
f CE experiments. Experimental results of Sm interaction with humic and fulvic acids give no 

m artifacts and equilibrium binding and kinetic constants were 
determ

g
(S

ibrium and ki

4.5. Conclusions 

 
Artifacts associated with fast dissociation of metal-ligand complexes can be a major 

obstacle in producing meaningful speciation results by CE-ICP-MS. We summarized the theory 
of metal ligand disequilibrium and developed a reactive transport model that can simulate and 
predict the potential for quantitative bias. The comparison of simulation results with a first-order 
approximation of metal-ligand complex half-life indicates that the kinetics of dissociation can be 
successfully predicted based on theory alone. In this
b
o
indication of disequilibriu

ined with a strong ligand (EDTA) competition method.  A significant result of this 
integrated theoretical-experimental study is that CE-ICP-MS is an appropriate technique for 
studying metal–humic interactions, opening up possibilities for similar studies involving a range 
of metal humic interactions. As CE-ICP-MS allows a range of experimental conditions (pH 4-12, 
0.001 –0.3 IS) and allows studies at environmentally relevant concentrations (mg/L HA and nM 
metal levels)(Sonke and Salters, 2003), we expect CE-ICP-MS to be a promising tool in 
exploring metal-humic interactions of all 14 REEs. 
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Figure 4.9(a-i) Simulation results for el 
explanation. No significant disequilibr 3+ 

uring the separation. The Sm3+ concentration profiles reveal both features of slow SmHA 
nd SmEDTA (bulge) dissociation (Fig. 4.9a). 

 

a Sm–EDTA-HA mixture. See Fig. 4.2 caption for pan
ium bias is predicted from the minor increase in free Sm

d
(plateau) a
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CHAPTER 5 

 

he study of chemical evolution and 
low (surface) temperatures 

umbe atic REE 
raction s have been recognized a ur ati e u rust i) 

 sol urface r river w rich heav RE is 
pleme  by light RE REE) enrichm f soils during weathering (Braun et al., 1998; 

derfield e al., 1990), ii) rivers typically carry LREE enriched suspended particles (soil derived 
therin oducts) and h HREE dissolved fractions (colloid + true dissolved) (Sholkovitz, 
2), iii) gulation of c ds during mixing with salt  in est causes p tial 
oval of LREE compare to HREE which combined with preferential release of HREE from 
ments results in the strongly fractionat REE e  com n of ocean water 
erfield al., 1990; Sholkovitz and Szymczak  19 E fracti  in 
s and aries greatly cts the interpre n of RE chemi

 Kim, 0; Byrne and 1998; Elderfie 88; Sh z et al ). A dom ole 
ll of above-mentioned REE fractionation processes has been attributed to colloids. 

loids a n operation efined mixtu 00Da< s<0.45 f dissolv mic 
tances S), nano-par  such as Mn, F d Al ox xides ixtures of the two, 
have g coordinati operties for di  tri-valent trace met as been ted 
40-10  of trace m in rivers are d and orted colloida ion 

erfield al., 1990). 
Ino nic REE bin  in aquatic sy s is well understood and extensive binding 

REEs with carbonate, phosphate, chloride, sulphate, fluoride and 
 exist (Byrne and Li, 1995; Cantrell and Byrne, 1987; Lee and Byrne, 1992; Lee 

d Smith, 1998; Millero, 1992). Additionally a large compilation of 
EE binding by ~ 100 organic ligands is available (Martell and Smith, 1998). Nearly all of these 
omplexing organic and inorganic ligands give evidence of the lanthanide contraction effect, a 

generally observed increase in binding strength with increasing atomic number (decreasing ionic 

 

 

QUANTITATIVE LANTHANIDE(III)-HUMIC ACID BINDING MEASURED 
BY CE-ICP-MS. 

 
 
 
 

5.1 Introduction 

 
The rare earth elements (REEs), a group of 14 chemically coherent elements that are 

characterized by small, predictable variations in chemical properties with increasing mass 
umber, have been of fundamental importance in tn

differentiation of the Earth, both at high (Henderson, 1984) and 
(Elderfield et al., 1990; Goldstein and Jacobsen, 1988). A n r of system
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radius) from La to Lu (Byrne and Li, 1995). It has been indicated that the coordinative properties 
of the c

 between the lanthanides, including Sc, Y and all 14 tri-
alent REEs, and natural humic substances, we used a recently developed aquatic speciation 
ol: Capillary Electrophoresis coupled to a sector field Inductively Coupled Plasma Mass 

ICP-MS is a disequilibrium speciation method, because it 
require

rtifacts. The 
ethod for REE-HA binding and the theory of disequilibrium effects on quantitative speciation 

analysis are published elsewhere (Sonke and Salters, 2003; Sonke and Salters, 2004)(Chapters 2 
and 4 respectively). 
 
 

5.2 Theory 

 
Fulvic acids (FA) and humic acids (HA) are subclasses of humic substances (HS). In the 

remainder of the text we use the abbreviation HS to indicate both hum
conceptual binding models for the two do not differ. Wherev rs 
that are different between the two, we will use HA and FA. We refer to the elements Sc, Y and 
the La-Lu series as the ‘lanthanides’ with abbreviated symbol ‘Ln’. The acronym REEs is used 

r the La-Lu series in particular, and is subdivided into light REEs (LREE: La, Ce, Pr, Nd), 

 (meq.g ) as determined by pH titration, and the amount of HS dissolved in 

olloidal phase follow similar patterns (Byrne and Kim, 1990; Byrne and Liu, 1998), with 
moderate lanthanide contraction trends towards mineral surfaces and towards DOM coated on 
mineral colloids (i.e. HREE bind stronger than LREE). These studies indicated that the observed 
oceanic fractionation patterns are the results of complex multi-ligand competition for REEs. By 
understanding the complexation and transport of the REEs at the Earth’s surface environment 
and by identifying the chemical properties responsible for the fractionation patterns, we aim to 
understand the transport and fate of other di- and trivalent nutrient and toxicant metals. Among 
these metals are the radioactive actinides Am, Cm and Pu, which carry a large resemblance in 
chemical behavior to the REEs, due to similar ionic radii and valence. 
 In order to quantify the binding
v
to
Spectrometer (CE-ICP-MS). CE-

s an initially equilibrated mixture of species to be separated in space (capillary) for a 
substantial measurement time (min). Therefore, only stable species, like tightly bound metal-
ligand complexes can be separated and detected without significant disequilibrium a
m

ic and fulvic acids, as the 
er we report on specific paramete

fo
middle REEs (MREE: Sm, Eu, Gd, Tb, Dy) and heavy REEs (HREE: Er, Tm, Yb, Lu) in order 
to discuss physicochemical trends among the REEs. 
 
 
5.2.1. One-site HS model 

The most simplified approach to metal HS binding is to assume that HS behave like an 
ordinary mono-dentate ligand. Polyelectrolyte effects of HS are ignored in this 1:1 binding 
concept and therefore implicitly included in the conditional binding constant Kc, which is only 
valid for a specific pH and IS. The HS ligand concentration is calculated from the carboxylic (or 
total) site density -1

solution (g.L-1). The elementary reaction between lanthanide, Ln, and HS for which we want to 
determine a conditional binding constant, is given by: 
 

+−+ ↔+ 23
LnHSHSLn   , Kc,LnHS     (5.1) 
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We emphasize that under the assumption of mono-dentate, 1:1 binding, species HS- and LnHS2+ 
have acquired a charge that is not representative of reality. The Ln–HS–EDTA ligand 
ompetition experiments are represented by the following reaction, with equilibrium exchange 

constant, Kex

TA   , Kexch     (5.2) 

c
ch:  

 
−+−− +↔+ 42

EDTALnHSHSLnED

 

][ 4−EDTA

]][[ HSLnEDTA

 
where all square brackets indicate species concentrations in mol.L

][ 2

−−

+
=

LnHS
exch         (5.3) 

q.g-1) are from Ritchie  
onstants for Ln and ED e 

K

-1. Under the experimental 
conditions (pH 6-9 and CO2 saturation, two strong ligands), Ln-hydroxide, Ln-carbonate,  
Ln(H)(EDTA) and Ln(OH)(EDTA)complexes are insignificant. We experimentally quantified 
[LnEDTA-] and [LnHS2+] in units of concentration, and {H+} activity by pH measurement. The 

A and FA protonation constants (4.59 and 3.80) and carboxyl site density (3.15 and 5.99 H
me  and Perdue (Ritchie and Perdue, 2003). EDTA protonation and binding

TA are from Smith and Martell (NIST database, 25 ºC and 0 infinitc
dilution) and the Davies equation was used for all ionic strength corrections (with a=0.5 and 
b=0.2).  All relevant protonation reactions and constants are summarized in Table 5.1. 
 
Table 5.1. Relevant reactions and their equilibrium constants, given as log K values, to interpret 
experimental results. 
 Log(K) at 0 IS, 25 ºC Reference 

H+HS=HHS 4.59 (HA), 3.80 (FA) (Ritchie and Perdue, 2003)
   

+EDTA=HEDTA 11.12 (Morel and HH ering, 1993)
H+EDTA=H2EDTA 17.80 (Morel and Hering, 1993)

H3EDTA (Morel and Hering, 1993)
H+EDTA=H4EDTA (Morel and Hering, 1993)

2
3H+EDTA= 21.04 

23.76 4
  
 
 
Free ligand concentrations, [EDTA4-] and [HS-], are estimated from protonation reactions and 
mass balances: 
 

HHSHSH ↔+ −+   ,with 
]][[

][
1 −+

=
HSH

HHS
K H     (5.4) 

 

][][][ 2+− ++= LnHSHHSHSHSTO       (5.5) T

 
will give: 
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][1

][
][

1

2

++
−

=
+

−
HK

LnHSHS
HS

H

TOT        (5.6) 

 
similarly for EDTA: 
 

])[(][ 4
−

− −×= LnEDTAEDTAEDTA TOTα       (5.7) 

 
where α is 1/(1+KH2[H

+]+ KH3[H
+]2 KH4[H

+]3 KH5[H
+]4) and [H+] is the proton concentration. 

Inserting the experimentally determined [LnHS2+] and [LnEDTA-] and Eq’s. 5 and 7 into Eq. 3 
will give Kexch. The conditional binding constant for Eq. 1 can then be obtained by substituting 
the equilibrium expression for LnEDTA- complexation, with logKLnEDTA (Table 5.2; contains 
other relevant REE parameters and NICA-Donnan results (see below) as well): 
 

LnEDTAexchLnHS KKK logloglog −=       (5.8) 

 
All KH (Table 5.1) and KLnEDTA values (Table 5.2) are corrected for IS in our calculations, such 
that KLnHS is a conditional stability constant valid only at 25ºC and a specific IS and pH level. 
Kc,LnHS implicitly includes polyelectrolyte effects of HS. 
 
Table 5.2. Summary of lanthanide parameters relevant to this study. 

 
Atomic Isotope Isotopic Atomic 

a
Ionic 

bNumber measured Abundance Weight Radius (Å) logKLnEDTA
c

Sc 21 45 100 45.0 0.745 25.74 

Y 39 89 100 88.9 0.900 20.72 

       

La 57 139 99.9 138.9 1.032 18.00 

Ce 58 140 88.5 140.1 1.020 18.57 

Pr 59 141 100 140.9 0.990 18.94 

Nd 60 146 17.2 144.2 0.983 19.15 

Pm 61    0.970 19.55 

Sm 62 147 15 150.4 0.958 19.70 

Eu 63 151 47.8 152.0 0.947 19.89 

Gd 64 158 24.8 157.3 0.938 19.99 

Tb 65 159 100 158.9 0.923 20.51 

Dy 66 163 24.9 162.5 0.912 20.94 

Ho 67 165 100 164.9 0.901 21.20 

r 68 167 23 167.3 0.890 E
T

21.53 

m 69 169 100 168.9 0.880 21.96 

b 70 172 21.9 22.13 

Lu 71 175  0.861 22.38 

Y 173.0 0.868 
97.4 175.0

a (Parrington et al., 1996) 

c (Mart

b (Weast, 1999) 
ell and Smith, 1998) 
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5.2.2. Use of conditional binding constants in speciation codes 

Note that the use of reaction (1) and the corresponding Kc,LnHS in equilibrium speciation 
codes such as MINEQL, MINWIN, PHREEQW, WATEQ, etc. may require an additional 
correction. This is because most speciation codes use a database of thermodynamic equilibrium 
constants, K, given for 0 IS and 25ºC, and will correct K for IS with the Davies equation. We 

erefore calculated pseudo equilibrium constants, Kps,LnHS , from the Kc,LnHS values that can be 
bases. Performing speciation calculations at 0.1 IS 

grams results in application of the Davies equation for IS correction, such that the 
ed Kc,LnHS (Eq. 5.1) i rameters in the Davies 
eciation software ne order to 

 appropriate Kc,LnHS value. 

-Donnan HS model 

odynamically consis an model was developed and improved 
lications (Dewit et

Rusch et al., 1997), leading to the final 
 

th
added to equilibrium speciation software data
with these pro
presently determin s used. The empirical ‘a’ and ‘b’ pa
equation of the sp ed to correspond to 0.5 and 0.2 (this study) in 
arrive at the
 
 
5.2.3. NICA

The therm tent NICA-Donn
upon in several pub  al., 1990; Kinniburgh et al., 1996; Koopal et al., 1994; 

NICA expression (Kinniburgh et al., 1999):  
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, expressing the total (t) amount bound, Q, of a component i, at solution concentration ci and 
Donnan gel concentration cD,i. For a detailed derivation of Eq. (5.9), see Appendix A.2. Q is the 
sum of two identical binding expressions, one for the carboxyl-type distribution (site 1) and one 
for the phenol-type distribution (site 2) and applies to both FA and HA. A total of four 
parameters characterize HS in the NICA model: Qmax1,H and Qmax2,H, the maximum proton site 
densities (mol.kg-1) and p1 and p2, representing the width of the distributions reflecting the 
heterogeneity of HS. Four additional ion-specific parameters are required for each component, i, 
to describe the binding affinity for HS: Ki1, Ki2, ni1 and ni2, which are respectively the median 
binding affinities (constants) and non-ideality descriptors (viz. poly-dentism) of ion binding to 
the distributions. 
 The NICA equation (5.9) describes the ion-specific interactions with HS. Due to the 
negative charge of HS in the majority of the Earth’s surface environments (pH>3.5), an 
additional non-specific ion binding component has been recognized, and approximated by long-
range electrostatic descriptions such as the Donnan model (Marinsky, 1987). Here the Donnan 

eable gel (as opposed to hard-sphere models) that allows counterions 
 

model behaves like a perm
to accumulate and neutralize the charge of the HS. Counterions accumulation creates a Donnan

 61



potential, D, that defines the relation between ci and cD,i (Kinniburgh et al., 1999) via a 
oltzmann factor : 

 
×=

B

c iiD cχ,           (5.10) 

ith 
 

 
w

)/exp( kTDψχ −=          (5.11) 

 
where k is the Boltzmann constant (1.380 x 10-23 J.K-1) and T is the temperature (298.15 K). 
Because all of the local ion concentrations influence the specific binding, the NICA sub-model 
and Donnan sub-model are interrelated and solved simultaneously by iteration. Additionally, the 
Donnan sub-model requires a Donnan volume, VD (L.kg-1) that defines the spatial extent of the 
electrostatics and that changes as a function of IS, given by the empirical relationship (Benedetti 
et al., 1996a; Kinniburgh et al., 1999): 
 

        (5.12) 

 
where b is an empirical parameter describing the change in VD as a function of IS. VD needs to 
be known in order to express counter ion concentrations, cD,i. Once  has been determined for 
counterions (major ions), it can be applied to protons and trace metals (Ln’s) with the same Eq. 
10. Positive values of b force the Donnan volume to decrease with increasing IS, much alike the 
physical swelling and shrinking of HS and clays or the denaturing of proteins. For FA’s, the 
Donnan volumes have been shown to be unrealistically large (1-80 L.kg-1) and are therefore 
interpreted as to include the electrical double layer around FA. For HA the Donnan volume 
approximates realistic, experimental values (0.5-5 L.kg-1) (Benedetti et al., 1996a). 

5.3. Materials and methods 

1)log1(log −−= ISbVD

 
 

 
Lanthanide standards (Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and 

Lu) at 10 ± 0.05 ppm in 2% HNO3) were obtained from High Purity Standards Inc. NaNO3, 
Na2H2EDTA, MES, HEPES and TRIS were obtained from Johnson-Matthey. Leonardite humic 
acid standard (IHSS code 1S104H) and Suwannee River Fulvic Acid standard (IHSS code 
1S101F) were obtained from the International Humic Substances Society (IHSS). Ultra-pure 
HNO3 (15 N) was prepared by sub-boiling distillation of reagent grade HNO3 (Fisher ACS 
grade). 1 N NaOH was obtained form Fisher. De-ionized (DI) water (>18 MΩ) was used to make 
all stock and sample solutions. All solutions were prepared in acid washed bottles and vials 
under class-100 clean lab conditions. A Denver Instruments pH meter and combination electrode 
were used for pH-activity measurements after calibration against NIST standards (pH 4, 7 and 
10). 

A detailed description of the CE-ICP-MS interface used in this study has been given in 
Chapters 2 and 3. In brief, a sheath flow interface was used to introduce the CE eluent to a Glass 
Expansion ‘micromist’ nebulizer, followed by SF-ICP-MS detection. 2% HNO3 sheath flow 
solution that was pumped by a syringe pump (Harvard Apparatus 22, 20 ml BD polypropylene 
syringes) at flow rates of 10-30 µL.min-1 to a micro cross (UpChurch Sci.; Oak Harbor, WA) that 
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also guides the CE capillary (Polymicro Technologies, 50 um I.D., 110 um O.D.) and the ground 
electrode through the remaining three inlets. Sample injection was automated using a 6-port 
injection valve (Valco Instruments Co, Houston TX), controlled by a Microneb 2000 control unit 
(CETAC, Omaha, Neb). The capillary inlet was inserted through a second micro cross (Fig. 5.1) 
and guided to the outlet of the injection valve through 500 µm I.D. (1/16 inch O.D.) PFA tubing. 
A custom machined, 20 ml Teflon spray chamber was used to minimize spray chamber band 
broadening. All experiments were conducted with a guard electrode for enhanced sensitivity; 
typically 350,000 cps per 1 ppb In at 10 µL.min-1 sheath flow. 

A Finnigan Mat “ELEMENT I”, high-resolution sector field ICP-MS was used as a mass 
specific detector; operating conditions are given in Table 5.3. For transient signal detection the 
instrument rapidly switched between masses for internal standards 23Na (CE buffer electrolyte) 
115In (sheath flow) and Ln isotopes. It is essential to use internal standards to monitor nebulizer 
stability (In) and CE flow stability (inside CE capillary via Na) as interruptions in either will 
cause apparent Ln peaks. One measurement cycle lasts 1.00 seconds, yielding sufficient detail of 
chromatographic peaks (typically 10-200 sec wide). The ELEMENT operating software (vs.2.1) 
was used for internal standard correction (division by 115In), blank subtraction and integration of 
peak areas. Speciation concentrations for LnHS and LnEDTA were obtained by multiplying 
relative peak areas with the total Ln concentration. This approach is based on extensive 
evaluation of LnHS and LnEDTA calibration and response curves under varying conditions, 
which has shown no significant difference between these two species as well as linear behavior 
for both over a large concentration range ((Sonke and Salters, 2003; Sonke and Salters, 2004); 
see Chapters 2 and 4). We optimized laminar flow and spray chamber volume (20 ml) for 

inimally required resolution and maximum sensitivity ((Sonke et al., 2003) and Chapter 3). 

drying salt powders at 80ºC and dissolving them by weight in DI water. HS stock 
lutions were prepared from freeze-dried IHSS standards at a concentration of 500 mg.L-1. 

Leonar

y mixed and equilibrated 
for at l

esults and Discussion 

m
Samples were prepared by pipetting stock solutions for Ln, EDTA, HS and buffer-NaNO3 

mixture into 4.5 ml polypropylene ICP-MS vials that directly fit into the ASX-100 auto sampler 
(Cetac, Omaha, Neb). EDTA and buffer (MES, HEPES, TRIS)-NaNO3 stock solutions were 
prepared by 
so

dite HA required addition of NaOH to be effectively dispersed in the stock solution. 
Calibrated pipettes were used to prepare 12 series of Ln-EDTA-HS samples, six for FA and six 
for HA at pH 5,6,7,8, and 9 and at 0.1 mol.L-1 NaNO3. The pH 7 series was also prepared in 0.01 
mol.L-1 NaNO3 to evaluate IS effects. All 192 samples were thoroughl

east two days before analysis. In order to achieve optimized mixing amounts of the two 
competitive ligands HS and EDTA, a trial and error approach was used, which together with 
single ligand ‘standards’ to identify elution times for LnHS and LnEDTA, yielded ~250 samples. 
pH measurements of randomly selected samples revealed no difference from buffer pH; the pH 
for all samples was therefore assumed to be equal to that of the corresponding buffers. 
 
 

5.4. R

 
5.4.1 Experimental results 

The experimental results consist of [LnEDTA-] and [LnHA2+] (or [LnFA2+]) 
concentrations as a function of pH (6-9) and IS (0.01-0.1). These are given together with the full 
solution compositions in Appendix A.4. A stacked series of electropherograms representing all 
REE-EDTA-HA separations at pH 7 and 0.01 mol.L-1 IS is shown in Fig. 5.1. The isotopic 
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analyses (z-axis; intensity in cps) have been corrected for isotopic abundance (Table 5.2) such 
that peak heights are comparable. This correction highlights the gradual trend of increasing REE-
EDTA at the cost of REE-HA species with increasing atomic number (La to Lu). A summary of 
LnHA and LnFA speciation trends in the experimental system Ln-HS-EDTA are given in 
Figures 5.2 and 5.3 as a function of pH, and at 0.1 IS.  
 
Table 5.3. CE-ICP-MS operating conditions 
CE-ICP-MS  

Forward rf power 1250 W (with guard electrode) 
Argon gas flows  13 (cool), 1.0 (auxiliary), 1.2 (nebulizer) L.min-1

Nebulizer Glass Expansion ‘micromist’ 
Spray Chamber Custom machined 20 ml solid teflon 
Mass Resolution 300 
Sensitivity 350,000 cps per 1 ng.ml-1 In 
Sheath flow rate 10-20 µL.min-1

Isotopes monitored 23Na, 115In, 45Sc, 89Y, 139La,140Ce, 141Pr, 146Nd, 147Sm, 
151Eu, 158Gd, 159Tb, 163Dy, 165Ho, 167Er, 169Tm, 172Yb and 
175Lu 

 
 
 
Figure 5.1. Series of stacked electropherograms, showing the speciation trend in the REE-HA-
EDTA system at pH 7 and 0.01 mol.L-1 IS. REE-HA is shown in red and REE-EDTA is shown 
in gray. All REE isotopic analysis have been corrected for isotopic abundances (Table 5.6) such 
that peak heights are comparable. A gradual increase in REE-EDTA can be observed at the 
expensive of REE-HA. 
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Figure 5.2. Experimental LnFA speciation (%) as a function of pH and REE at 0.1 mol.L-1 IS. 
 
 

 
 
Figure 5.3. Experimental LnHA speciation (%) as a function of pH and REE at 0.1 mol.L-1 IS. 
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Figure 5.4. Experimental LnHA and LnFA speciation (%) as a function of REE and IS, at fixed 
H 7. 
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system complex enough to challenge simple raw data interpretation of Figs. 5.2-5.4. We 
illustrate this by an evaluation of Eu binding in the Eu-FA-EDTA system with the NICA-Donnan 
model 

have a similar distribution in NICA-Donnan carboxyl and phenol 
ffinity constants, with the latter being stronger than the first, such that a similar pH reversal can 
e shown for a range of metals in case of a ligand competition experiment. 

(involves metal-carboxyl and –phenol interaction) using binding affinity parameters from 
(Milne et al., 2003) and total Eu, FA and EDTA concentrations similar to our experiments. Fig. 
5.5 shows the Eu speciation as a function of pH. There is a maximum in EuEDTA speciation 
around pH 7 with a corresponding minimum in EuFA speciation. The distribution of Eu over the 
two FA binding sites is shown by the solid (carboxyl) and dashed (phenol) lines. The reason for 
the observed maximum in EuEDTA speciation lies in the competition of protons for binding 
sites. As the pH decreases from 7 to 5 both EDTA and phenol sites as well as carboxyl sites 
become protonated. However, carboxyl sites protonate less and therefore outcompete EDTA for 
Eu coordination. Varying the concentrations or binding constants involved in Fig. 5.5 within two 
orders of magnitude does not change this EuEDTA maximum other than shifting its position. 
Importantly, most metals 
a
b

 
 
Figure 5.5. Eu speciation in the Eu-FA-EDTA sy s 
calculated with the NICA-Donnan model using binding param  
al., 2003). Total solution concentrations: FA 10 g.  
0.1 mol.L-1. 
 

Returning to the experimental pH trends of  
ompetition experiment, potentially a 3-ligand competition, allows for a reversal in speciation 

stem as a function of pH. Speciation wa
eters from Milne et al (Milne et

 m L-1; EDTA 130 nmol.L-1; Eu 80 nmol.L-1; IS

Figures 5.2 and 5.3 the nature of the ligand
c
with pH as illustrated above, with a maximum LnEDTA fraction around pH 6-7. We will address 
this observation again when fitting the model to the experimental data. 
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Despite the good experimental precision, which reveals smooth speciation trends from La 
to Lu, we need to address the accuracy of the method. In our experiments, a REE dataset is 
usually generated during the course of one day, and all experimental solutions (buffer and 
lectrolyte) are inherited from one bottle. The reproducibility of a single REE speciation 

measurement during that day is always better than 5 ) 
nd often better than 3% RSD and is represented by symbol size in Figs. 5.3 and 5.4. 

Following the approach outlined in parag , 
c,LnHS were calculated for each experimen l  

able 5.4 and shown in Fig. 5.6. FA results are given in Table 5.4 and shown in Fig. 5.7. 

going from La to Lu. However, taking into 
ccount the 4 order of magnitude increase in LnEDTA binding constants (Figs. 5.6-5.8), it 

should be evident that the experimental obser  
onstants increase by 2 orders of magnitude. The experimental observations can thus be 

eir binding constants. Secondly, the lanthanide contractions effect (increase in 
gKc,L

e
% relative standard deviation (2 sigma RSD

a
 
.4.2. single-site conditional K fitting 5

raph 5.2.1, conditional binding constants
ta condition (pH, IS). HA results are given inlogK

T
logKLnEDTA values are included in Fig. 5.6 for comparison. The variation in logKc,LnHS with ionic 
strength (at fixed pH 7) is shown in Fig. 5.8. A number of trends in logKc,LnHS  can be seen in 
Figs. 5.6-5.8. Firstly, there is a significant increase in logKc,LnHS with decreasing ionic strength 
(from La to Lu) for both FA and HA under all pH and IS conditions. This may seem 
contradictory compared to the raw experimental speciation data, which showed a decrease in 
LnHS species of almost 2 orders of magnitude 
a

vations can only be correct if LnHS binding
c
explained as the result of two competing ligands, each with a significant lanthanide contraction 
effect on th
lo nHS from La to Lu) diminishes from pH 9 to 6, again for both FA and HA. Thirdly, both IS 
trends at pH 7 for FA and HA show a decrease in logKc,LnHS with increasing IS (Fig. 5.8). 
Finally, an important difference between FA and HA is that logKc,LnHS for HA is on average 1.8 
log units higher than for FA, suggesting a ~100 fold higher affinity of HA for Ln’s than FA. 

 
Figure 5.6. Conditional binding constants, logKc,LnFA as a function of pH and REE, at fixed IS 
(0.1 mol.L-1). 
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Figure 5.7. Conditional binding constants, logKc,LnHA as a function of pH and REE, at fixed IS 
(0.1 mol.L-1). 
 

 
 
Figure 5.8. Conditional binding constants, logKc,LnHS as a function of IS and REE, at fixed pH 7. 
 

favor of HA, correlate with numerous metal-
S studies in the literature, and essentially with the 171 datasets recently analyzed by Milne et al 

(2003). What is unique about this new lanthanide-HS study is, that it not only is a significant 

All of the observed trends in logKc,LnHS, e.g. the increase with increasing pH, a decrease with 
increasing IS and a 2 order magnitude difference in 
H
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addition to the existing Kc,LnHS database, but that it is the first comprehensive LnHS study that 
reveals

 

 a lanthanide contraction effect. The conclusion whether LnHS reveal the lanthanide 
contraction effect critically depends on (i) the accuracy of the experimental data and (ii) the 
accuracy of the LnEDTA binding constants. It can be shown that the error involved in KLnEDTA 
needs to be on the order of 1.5 log units before a LnHA trend becomes insignificant; i.e. 
logKLaEDTA needs to be 19.5 (instead of 18) and logKLuEDTA needs to be 20.85 (instead of 22.35). 
It is highly unlikely that errors of this magnitude accompany the carefully selected KLnEDTA 
values by Martell and Smith, nor the experimental data. 
 Rearranging the humic acid logKc,LnHA as a function of ionic radius and including the 
experimental Kc’s for Sc and Y indicates a strong correlation (Fig. 5.9). The observation that Y 
behaves like a MREE is evident from Fig. 5.9 and conforms with numerous experimental and 
field observations (Henderson, 1984). A slightly concave upward trend is observed in Fig. 5.9, 
compared to more linear trends as a function of atomic number (Figs. 5.6-5.8). 
 
 
 

 
Figure 5.9. Conditional binding constants, logKc,LnHA as a function of pH and ionic radius, at 
fixed IS (0.1 mol.L-1). Y and Sc results are included and indicated in blue and red respectively. 
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Table 5.4.  Summary of conditional equilibrium constants, Kc,LnHS. 
 Fulvic Acid  Humic Acid 

pH 5 6 7 8 9 7  6 7 8 9 7 

IS 0.1 0.1 0.1 0.1 0.1 0.01  0.1 0.1 0.1 0.1 0.01 

             

Sc    17.57     17.54 19.04 20.47 18.79 

Y  9.21  11.68 13.67   10.94 12.27 13.39 14.95 13.26 

             

La  9.15 9.87 10.84 11.65 10.53  10.63 11.69 11.99 13.18 12.17 

Ce  8.90 9.38 10.56 12.09 10.93  10.55 11.78 12.30 13.55 12.34 

Pr  8.93 9.49 10.93 12.36 10.95  10.38 11.85 12.49 13.84 12.55 

Nd  9.07 9.69 10.95 12.54 11.07  10.33 11.67 12.56 13.86 12.63 

Pm             

Sm  9.56 9.95 11.36 12.65 11.43  10.57 11.97 12.93 14.38 13.01 

Eu  9.36 10.02 11.31  11.53  10.70 12.23 13.10 14.30 12.93 

Gd  9.14 10.04 11.39 13.25   10.74 12.22 13.11 14.20 12.95 

Tb  9.39 10.21 11.75 13.69   11.18 12.40 13.50 14.80 13.31 

Dy  9.47 10.43 12.11 13.64 12.12  11.30 12.72 13.80 15.30 13.61 

Ho  9.67 10.37 12.22 13.91   11.43 12.63 14.01 15.49 13.71 

Er  9.97  12.51 14.29    12.85 14.25 15.78 14.05 

Tm 8.15 10.25 10.97 12.90 14.45   11.88 13.20 14.69 16.20 14.49 

Yb 8.00 10.34 10.75 12.99 14.32 13.22   13.26 14.84 16.23 14.60 

Lu 8.04 10.44 10.91 13.57 14.58 13.24  12.24 13.51 15.08 16.50 14.87 

 
 
Table 5.5.  Summary of pseudo equilibrium constants, logKps,LnHS which can be used in aquatic 
speciation codes for the reaction: Ln3+ + HS- ↔ LnHS2+. 
 Fulvic Acid  Humic Acid 

pH 5 6 7 8 9 7  6 7 8 9 7 

IS ‘0’ ‘0’ ‘0’ ‘0’ ‘0’   ‘0’ ‘0’ ‘0’ ‘0’ ‘0’ 

             

Sc    18.21     18.21 19.69 21.08 19.06 

Y  9.87  12.32 14.28   11.60 12.93 14.03 15.55 13.54 

             

La  9.81 10.53 11.49 12.25 10.80  11.30 12.36 12.63 13.79 12.44 

Ce  9.56 10.04 11.21 12.69 11.20  11.21 12.45 12.94 14.15 12.62 

Pr  9.60 10.16 11.58 12.96 11.22  11.05 12.51 13.14 14.44 12.83 

Nd  9.73 10.35 11.59 13.15 11.34  10.99 12.33 13.21 14.46 12.90 

Pm             

Sm  10.22 10.61 12.00 13.25 11.70  11.23 12.63 13.58 14.98 13.28 

Eu  10.02 10.68 11.96  11.80  11.37 12.90 13.74 14.91 13.20 

Gd  9.80 10.70 12.03 13.86   11.40 12.88 13.75 14.80 13.23 

Tb  10.05 10.87 12.40 14.29   11.84 13.07 14.15 15.40 13.59 

Dy  10.13 11.10 12.75 14.25 12.39  11.96 13.38 14.45 15.91 13.88 

Ho  10.33 11.04 12.87 14.52   12.09 13.30 14.65 16.10 13.98 

Er  10.63  13.16 14.89    13.52 14.90 16.39 14.33 

Tm 8.81 10.91 11.63 13.55 15.05   12.54 13.87 15.33 16.80 14.77 

Yb 8.67 11.00 11.41 13.64 14.92 13.49   13.93 15.49 16.83 14.88 

u 8.71 11.10 11.58 14.22 15.18 13.51  12.90 14.18 15.72 17.11 15.14 L
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5.4.3. Derivation of pseudo equilibrium constants for speciation software. 

 
The use of reaction (5.1) and the corresponding tabulated logKc,LnHS values (Table 5.4) in 

eciation codes (MINEQL, M , P ) may require an 
tio ding on the approach of the speciation cod  respect . T  
ca on codes work with a databa thermodynam uilibriu sta , 
iv 5 ºC, and will correct K for IS with the Davies equation. W heref

eterm ed pseudo equilibrium constants, Kps,LnHS , from the Kc,LnHS values in Table 5.4 by 
ect  with the Davies equation (Eq. 2.5, see Chapter 2) that can be added to 

quilib um speciation software databases. Performing speciation calculations at 0.01 or 0.1 IS 
h th lication of the Davies equation for IS correction, hat  
en c,LnHS is used. The pseudo equilibrium stants,  are 

umma zed in Table 5.5.  

.4.4. P

Figs. 5.5-5.6 have shown that trends in logKc,LnHS as a function of pH, IS and atomic 
nt. There is however, a significant amount of noise present in the 

lanthan

equilibrium sp INWIN, MINTEQ HREEQW
addi nal correction, depen e with  to HS his
is be use most speciati se of ic eq m con nts
K, g en for 0 IS and 2 e t ore 
d in
corr ing them to ‘0’ IS
e ri
wit ese programs results in app such t  the
pres tly determined logK  con Kps,LnHS

s ri
 
 
5 rediction of logKc,LnHS

number (La to Lu) are prese
ide contraction trend that reflects experimental uncertainties. In comparison to 

logKLnEDTA values, which show a clear octad effect (dip at Gd) and potentially a tetrad effect 
(Masuda and Ikeuchi, 1979; Peppard et al., 1969), we do not claim that this effect is observed in 
our logKc,LnHS trends. Therefore, at this point our data only validates linearizing logKc,LnHS with 
respect to ionic radius, ‘r’ (Å) or atomic number ‘AN’. As pointed out above, logKc values show 
better linear relationships as a function of AN than r (compare Figs. 5.6-5.8 with 5.9) and were 
therefore linearly regressed against AN: 
 

876.2104.0)1.0,6(log , +×= ANISpHK LnFAc      (5.14) 

484.3104.0)1.0,7(log , +×= ANISpHK LnFAc      (5.15) 

778.0196.0)1.0,8(log , −×= ANISpHK LnFAc      (5.16) 

086.0206.0)1.0,9(log , +×= ANISpHK LnFAc      (5.17) 

424.0192.0)01.0,7(log , −×= ANISpHK LnFAc      (5.18) 

 
and for HA: 
 

961.2127.0)1.0,6(log , +×= ANISpHK LnHAc      (5.19) 

020.4131.0)1.0,7(log , +×= ANISpHK LnHAc      (5.20) 

393.0216.0)1.0,8(log , −×= ANISpHK Lnc      (5.21) HA

lo 171.0234.0)1.0,9(g , −×= ANISpHK LnHAc      (5.22) 

393.1187.0 −×= AN      (5.23) )01.0,7(log , ISpHK LnHAc

 
he decrease in slope of the lanthanide contraction effect is obvious from the linear regression T

slopes for both FA and HA. The FA dataset contains three measurements for Tm, Yb and Lu at 
pH 5. By regressing the slope values in Eq 5.14-5.18 against pH, we have approximated the 
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slope for FA at pH 5 (0.0530) and subsequently determined the intercept by equating the 
regression function with the average logKc,LnFA for Tm, Yb and Lu (8.07, Table 5.4) yielding an 
intercept value of 4.355. At pH 5, logKc,LnFA are thus approximated by: 
 

355.40530.0)1.0,5(log , +×= ANISpHK LnFAc      (5.24) 

 
and by further linear extrapolation to pH 4: 
 

662.50132.0)1.0,4(log , −×= ANISpHK LnFAc      (5.25) 

 
Since most conditional Kc,LnHS values published in the literature have been determined under 
acidic conditions (pH 3-5) and vary over six orders of magnitude (see below) our extrapolated 
pH l ic range. The HA experimental dataset 
con n
pH  u
pH 9

4 ogKc,LnFA values allow a comparison in the acid
tai s no results at pH 5. We have therefore restricted our extrapolation to just pH 5 and not 
4, sing the same linear regression of slope and intercept values of Equations 19-23 against 

by: (6- ). At pH 5, logKc,LnHA is approximated 
 
log 057.50753.0)1.0,5(, +×= ANISpHLnHA      (5.26) 

 
Real (Table 5.4) and linearly regressed values (Eqs. 5.14-5.26) yield r

Kc

2 values of 0.99 (FA) and 
0.98 (HA). 
 All of the linearly regressed values are conditional binding constants valid for only the 
corresponding pH and IS. In order to use these linearized conditional constants with aquatic 
speciation software (as discussed above), they need to be corrected to ‘0’ IS. As this IS 
correction is the same for all constants, for a given IS, this can be achieved by adding a constant 
to the intercept values given by Eqs. 5.14-5.26. This constant is +0.61 to correct 0.1 IS to 0 IS, 
and +0.27 to correct 0.01 IS to 0 IS. 

Further regression against pH is possible, as well as against IS by including 0.001 IS data 
for Nd from an earlier study (logKc,NdFA = 12.1 (Sonke and Salters, 2003)). This was done with 
the non-linear fitting software DataFit (Oakdale Engineering, vs 6.0) and resulted in the 
following empirical best fit for logKc,LnFA as a function of atomic number, pH and ionic strength: 
 

dIScpHbANaISpHANK LnFAc +−×+×+−×= )log()56(exp(),,(log ,   (5.27) 

 
with, 
a = 0.0146455 
b = 0.1171085 
c = 0.1257686 
d = 1.2788777 

 of fitted logKc,LnFA with experimental logKc,LnFA values is shown in Fig. 5.10. The 
erage deviation of predicted values from experimental values is ~0.11 log units and the 

maximum deviation was less than 0.5 log unit. Correlation coefficients of 0.99 were obtained 
both for FA and HA. Care has to be taken when extrapolating logKc,LnFA values outside the 
experimental pH and IS range. 

 
A comparison
av

 73



  

 
 
Figure 5.10. A comparison of fitted logKc,LnFA with experimental logKc,LnFA values, according to 
Eq. 5.27 (non-linear empirical fit as a function of AN, pH and IS).  
 

 

5.4.5 Comparison of Kc,LnHS to literature data 

The majority of conditional REE-HS binding constants in the literature are for Eu and 
under acidic conditions (pH 3-6). A number of these are summarized by Moulin et al. (Moulin et 
al., 1992) with additional reference to Eu datasets given by Milne et al. (Milne et al., 2003) and 
some additional individual studies (Caceci, 1985; Ephraim et al., 1989; Maes et al., 1988; Maes 
et al., 1991). Typically, published logKc,EuHS values were calculated based on the carboxylic 
binding capacity, or total binding capacity of HS and measured by a range of techniques, the 
majority based on radio nuclear detection. We summarized all published logKc,EuHS and 
logKc,(Am,Cm)HS, together with our trends for logKc,LnHS in Fig 5.11. Published values show an 
enormous variation of ~6 orders of magnitude under acidic conditions. Our values occupy tighter 
ranges for all REEs, displaying the pH trends outlined above and are not significantly different 
from published values. Given the published variation, our values overlap the upper estimates for 
logKc,LnHS. 
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Figure 5.11. Summary of experimental logKc,LnHS values for FA an dHA (this study) and 
published values for Eu and actinides Am and Cm. 
 

The literature on REE complexation by different organic and inorganic ligands is 

n, from five volumes of Critical Stability Constants 
artell and Smith, 1998). These constants are valid for 0.1 mol.L-1 IS and 20 ºC ≤ T ≤ 25 ºC 

nd include mono-, di- and tri- carboxylic acids, amino carboxylic acids, iminodiacetic acids and 

reasing radius). Additionally, ligands having 
rally exhibit larger lanthanide contraction 

 

extensive and it is of interest to compare it with our findings for FA and HA. Byrne and Li 
(1995) summarized 101 REE-organic ligands interactions (Byrne and Li, 1995), for which all 
binding constants (except Pm) are know
(M
a
phenol ligands. We added catechol, which is a di-phenol ligand that has been suggested to be 
representative of HS phenol groups (Bartschat et al., 1992; Morel and Hering, 1993). Also added 
is a compilation of inorganic ligand complexes, including hydroxides (Lee and Byrne, 1992), 
carbonates, sulfates, phosphates and fluorides (Millero, 1992), bringing the total number of 
ligands to 117. The trends in logKc,LnL (L indicates ‘Ligand’) are summarized in Fig. 5.12. as a 
function of Ln (atomic number). Fig. 5.12 reveals a dominant average increase in logKc,LnL 

across the REE series (with increasing AN and dec
numerically large REE formation constants gene
effects; i.e. a stronger increase in logK  with increasc,LnL ing AN. 
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ligands. ag ange i ogKc,L  La to
ligand is denoted by ∆logK(La-Lu) and has been determined b
constants. Table 5.6 clearly reflects how increasing logKc,LnL values are acco

creasing lanthanide contraction (increase in ∆logK ). On average ∆logKin
1
humic substances (this study). A range is given for HS bec
function of pH and IS (Figs. 5.6 and 5.7). The magnitude of our experimental LnHS binding 
constants suggest involvement of the classes of stronger organic binding sites; i.e. poly-
carboxylic, phenolic (catechol has Kc values of 11-13 (La-Lu)) and iminodiacetic (IA) and 
aminocarboxylic (AC) acids. The latter two are poly-carboxylic groups attached to a nitrogen 
containing aliphatic backbone. It has to be noted that logKc,LnL incorporates polyelectrolyte 
effects that may amount to two log units, thereby reducing the HS functional groups ‘intrinsic’ 
affinity towards Ln’s to logKc,LnL values of 7.0-14.5. Recent FTICR and NMR studies have 
suggested an abundance of di-carboxylic groups in SRFA (Leenheer et al., 1998; Stenson et al., 
2003) that are available for poly-dentate inner- and outer sphere coordination. These studies also 
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indicate the presence of ~0.7 wt% nitrogen in SRFA that may be located in specific N rich fulvic 
acid molecules with a 20:1 C:N ratio and at an overall 100:1 C:N ratio. Structural assignments of 
these N-containing molecules could not be made, such that at this point iminodiacetic acid (IA) 
and aminocarboxylic acid (AC) binding sites are not confirmed. However, assuming an average 
molecular weight of 500 Da for SRFA molecules (Stenson et al., 2003), our experimental 
concentration of 10 mg.L-1 translates into 20 mM SRFA molecules. At an overall C:N ratio of 
100:1 this indicates that 200 nM of N-containing SRFA molecules may be present. This is still 
twice our experimental Ln concentration, suggesting possible involvement of N-containing IC 
and AC hosted binding sites with binding affinities similar to those observed in this study. The 
carboxyl site density of 5.99 meq.g-1 we used (Ritchie and Pe

-
rdue, 2003) corresponds to 60 mM 

COO  sites at our SRFA concentration of 10 mg.L-1 in the pH 6-9 range, indicating that each 
SRFA molecule has ~3 carboxyl sites available for coordination. Poly-dentate metal coordination 
is therefore possible within one SRFA molecule or among SRFA molecules. A study using 
lanthanide ion probe spectroscopy (LIPS) found that Eu3+ complexation by Suwannee river 
DOM (mixture of HA and FA) at pH 3.5 is dominated by tetra-dentate complexes at low metal to 
ligands ratios (100 nM Eu3+, 30 mg.L-1 DOM) (Thomason et al., 1996). The LIPS study also 
indicated that an increase in metal/DOM ratio resulted in progressively less chelated complexes, 
with a gradual succession from 4 to 3 to 2 to 1 carboxyl groups bound to Eu3+. At pH 3.5 the 
assumption was made that only carboxyl groups participate in binding. Our experimental 
conditions (100 nM Ln3+, 10 mg.L-1 DOM), therefore favor the formation of poly-dentate 
(‘chelated’) LnHS complexes as available HS binding sites (~50-100 µM) outnumber the amount 
of lanthanide ions bound (~1-100 nM) by 3-5 orders of magnitude. It is important to realize that 
the 1-site binding concept of Eq. 5.1 does not exclusively limit the interpretation to one 
physically distinguishable carboxyl site with a charge of 1, but rather indicates one “coordination 
site” that may consist of one, two or more carboxyl or phenol groups. In conclusion, the 
logKc,LnL values for LnHS interaction determined in this study conform with all of the above 
mentioned structural information of SRFA, suggesting that poly-dentate carboxylic, phenolic and 
N-containing carboxylic binding sites are involved at near environmental conditions. 
 
Table 5.6. Summary of the binding characteristics of the main ligand groups shown in Fig. 5.12 
and the LnHS results of this study. Ligand codes correspond to the study by Byrne and Li 
(1995). One-sigma standard deviations are given for ∆logK(La-Lu). 

Code Ligand Average logKc,LnL ∆logK(La-Lu) 1σ n 

MC mono-carboxylic acid 2.66 0.51 0.52 27 

DC di-carboxylic acid 4.21 0.63 0.55 7 

TC tri-carboxylic acid 7.75 0.75 - 1 

      

PH phenol derivative 6.75 0.67 1.04 6 

      

IA iminodiacetic acid derivative 14.57 2.93 1.50 44 

AC aminocarboxylic acid 11.86 2.04 1.23 11 

      

All Organic ligands 9.08 1.92 1.73 101

All Inorganic ligands 6.84 1.13 1.36 11 

 All Humic substances (this stu 1.6-3.5   

 

 

dy) 9.0-16.5 
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5.4.6 N

• A pH trend reversal at pH 6 and lower. 

ICA-Donnan fitting 

Because of the empirical nature of the 1-site binding model and the conditional binding 
constants, we made an attempt to fit our dataset with the NICA-Donnan polyelectrolyte model 
which is capable of predicting metal-HS binding as a function of pH and IS in a 
physicochemically plausible manner. Additionally, the NICA-Donnan model has been 
extensively tested on large number of metal-binding datasets, resulting in excellent 
approximations of metal competition (Milne et al., 2003). Our data-fitting strategy using the 
NICA-Donnan model follows the procedure taken by Milne et al. in their recent ‘generic NICA-
Donnan metal binding’ study (Milne et al., 2003) which addresses 171 metal-HS data sets and 
reports on 23 different metals (including Eu). Instead of applying detailed protonation data for 
each individual HS, Milne et al. derived a set of generic protonation parameters from a large 
subset of pH titrations (Milne et al., 2001). These generic parameters include the binding site 
densities Qmax1,H and Qmax2,H, resembling carboxylic and phenolic groups, the intrinsic proton 
binding constants KH,1 and KH,2, two parameters p1 and p2 that describe the width of the logK 
distributions, and the empirical ‘b’ value that determines the Donnan volume and the 
electrostatic correction. This potentially leaves us with 4 parameters to be fitted for each REE (or 
metal in general): KLn,1, KLn,2, n1 and n2. n1 and n2 are non-ideality parameters that have been 
interpreted as proton exchange indicators; i.e. n = 1 would suggest 1:1 metal proton exchange 
and n = 0.5 would indicate 2 protons exchanging for one metal. The n parameters therefore 
introduce variable levels of multi-dentate binding (for n<1) into the NICA-Donnan model and 
have been shown to make it thermodynamically consistent (Kinniburgh et al., 1999).  The n 
values were found to be linearly correlated with the first metal hydrolysis constants for both FA 
and HA: 
 

40.0log35.01 +×= OHKn         (5.27) 

12 78.0 nn ×=           (5.28) 

 
Using the first hydrolysis constants for lanthanides from Baes and Mesmer (Kinniburgh et al., 
1999) we arrive at n1 and n2 values with a small range of variability: n1 decreases from 0.63 to 
0.57 and n2 from 0.48 to 0.43 from La to Lu. In order to minimize the number of fitting 
parameters, average values for n1 and n2 (0.587 and 0.446) were applied to all REEs. This leaves 
only KLn,1and KLn,2 to be fitted. The NICA-Donnan model, as it is incorporated in the Orchestra 
speciation software (see Appendix A.5) does not have an automated fitting algorithm that 
minimizes the overall fitting error between simulated and experimental data; instead this was 
performed manually by importing the Orchestra output into Microsoft Excel and maximizing r2 
values. We therefore adjusted KLn,1and KLn,2 incrementally for each REE until a reasonable fit 
was achieved for the upper and lower boundaries of the pH trends, indicated by the shaded areas 
in Figs 5.2-5.3, followed by more detailed adjustments to achieve the pH 6 inversion (see 
paragraph 5.4.1). In this we follow a classical strategy of focusing on the main trends, rather than 
extreme details in modeling metal-HA interaction (Bartschat et al., 1992). The main 
characteristics of the REE-EDTA-HS experiments to be reproduced by HS models are: 

• strong speciation trend among REE. 
• Small variation in speciation as a function of IS. 
• Significant decrease in %LnHS (in the Ln-HS-EDTA system) with decreasing pH, for 

REE-SRFA and HREE-LHA experiments. 
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5.4.7 N

 then fits the slope of the experimental data. Lower values for 
logKLn,1 around 0 are necessary to induce the inversion of pH trends (i.e. pH 6). Higher values 
(>2) for logKLn,1 would reverse the entire REE spectrum and yield a mirror image of the 
experimental data. A slight negative trend in logKLn,1 yielded the best overall results (1.0 for La, 
-1.0 for Lu). HREE logKLn,1 values could not be constrained because logKLn,2 dominates >99% 
of Ln binding over the studied pH range (6-9); linear regression of LREE logKLn,1 values with 
ionic radius was used to predict logKLn,1 for HREE. Optimum logKLn,1 and logKLn,2 values are 
given in Table 5.7 and visualized in Fig. 5.13. The dip at Gd is a direct result of the use of 
logKLnEDTA that were shown to display an octad effect (Fig. 5.6). Again we do not claim such an 
octad effect among LnHS interactions. A comparison of simulated and experimental pH and IS 
trends is shown in Figs. 5.14-15. For all Ln-FA-EDTA data, an ‘r2’ value of 0.93 (n=106) was 
obtained, indicating a good fit. Binding variation with IS is sufficiently approximated for FA 
(except La), considering our use of Milne et al’s generic ‘b’ value (b = 0.57) that determines the 
change in Donnan volume with IS (Milne et al., 2003). Expressing the relative amounts of REE 
bound to site 1 (carboxyl, Fig. 5.16) and to site 2 (phenol, residual fraction in Fig. 5.15) indicates 
that the carboxyl distribution dominates LREE binding while the phenol distribution dominates 
HREE binding, with a shift of all REEs to the phenolic site at higher pH. Mainly, the strong 
increase in logKLn,2 relative to a decrease in logKLn,1 causes the shift of HREE to the phenol site. 

 

ICA-Donnan fitting results: fulvic acid  

For FA, the fitting exercise revealed that a choice of logKLn,2 around 7 roughly centers 
the trends for MREE and HREE in the experimental domain (gray). Fine tuning logKLn,2 (6.5 for 
La, 8.5 for Lu) for each REE

 
Figure 5.13. Optimized NICA-Donnan intrinsic binding constants, logKLn,1 and logKLn,2 for both 
FA and HA. 
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Figure 5.14. Comparison of experimental pH trends (symbols) with NICA-Donnan simulated pH 
trends (lines) for Ln-FA interaction. 
 

 
Figure 5.15. Comparison of experimental IS trends (symbols) with NICA-Donnan simulated IS 
trends (lines) for Ln-HS (both FA and HA) interaction at pH 7. 
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Figure 5.16. Percentage Ln-carboxyl binding under the experimental conditions for Ln-FA-
EDTA as a function of pH, and at fixed IS (0.1 mol.L-1). The remaining fraction, giving 100% 
total binding is by Ln-phenol interaction. 
 

 
 
Figure 5.17. Comparison of experimental pH trends (symbols) with NICA-Donnan simulated pH 
trends (lines) for Ln-HA interaction. 
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Figure 5.18. Percentage Ln-carboxyl binding under the experimental conditions for Ln-HA-
EDTA as a function of pH, and at fixed IS (0.1 mol.L ). The remaining fraction, giving 100% 
total binding is by Ln-phenol interaction. 
 
 
 Sc and Y fitting was done individually after determining n

-1

 umic acid 

r HA as outlined above for FA, logKLn,2 values were 

 concluded from the experimental 
and comp n hich is reasonably well mimicked 

ilne et al., 2003) (Fig. 5.15). We 

1 and n2 values according to 
Eqs. 5.27 and 5.28. Due to the similar hydrolysis constant of Y compared to REEs (Table 5.7), 
its n1 and n2 values are similar as well; for Y they were therefore set to the REE average (resp. 
0.587 and 0.446). Fitted logKLn,1 and logKLn,2 values for Y are similar to MREE values, though 
logKLn,1 is not very well constrained at pH 6-9 and has a 1 log unit error. Sc logKLn,1 and logKLn,2 
values are higher than those for REE and Y in order to balance the larger KScEDTA, a result that 
can be explained by the smaller ionic radius for Sc. 
 
.4.8. NICA-Donnan fitting: h5

Using a similar approach fo
optimized to let the model converge with the experimental data. A gradual increase in logKLn,2 
from 7.0 (La) to 9.7 (Lu) was found (Table 5.7, Fig. 5.13). LREE fitting, with an emphasis on the 
narrow range of experimental trends required a logKLn,1 around 3.5 without the need for a 
negative trend with increasing atomic number. MREE and HREE logKLn,1’s are given the same 
value (3.5), as they could not be constrained at the experimental pH range. Comparing 
experimental to simulated speciation of all Ln-HA-EDTA samples (Fig. 5.17), an ‘r2’ value of 

.94 (n=126) was obtained. No significant IS effect could be0
data (Note: in the lig etition system L -HA-EDTA), w
y the Donnan model, using a generic b value of 0.49 for HA (Mb

emphasize that in the absence of EDTA, there will be a strong IS effect on Ln-HA binding that is 
related to the electrostatic affinity and captured in the ‘b’ value. Fig. 5.18, shows that again 
logKLn,2 dominates >80% of the experimental HREE binding at pH >7. Results for Sc and Y are 
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similar to those for FA fitting. Y behaves as a MREE and Sc has relatively high K values related 
to its higher charge density (smaller ionic radius). 
 
Table 5.7. Summary of lanthanide-HS NICA parameters that were preset (n’s) and optimized 

   fulvic acid humic acid 

(K’s). 

 

 KOH
a n1

b n2
b logKLn,1 logKLn,2 logKLn,1 logKLn,2

Sc 9.7 0.377 0.286 5.90 10.00 8.00 14.00 

Y 6.3 0.564 0.428 0.00 8.50 2.50 8.65 

        

La -8.50 0.630 0.478 1.00 6.35 3.50 7.00 

Ce -8.30 0.602 0.458 0.62 7.00 3.50 7.30 

Pr -8.10 0.602 0.458 0.48 7.23 3.50 7.55 

Nd -8.00 0.598 0.455 0.33 7.29 3.50 7.65 

Pm  0.593 0.450 0.19 7.55 3.50 7.80 

Sm -7.90 0.590 0.449 0.06 7.55 3.50 7.95 

Eu -7.80 0.589 0.448 -0.06 7.58 3.50 8.00 

Gd -8.00 0.592 0.450 -0.16 7.51 3.50 8.05 

Tb -7.90 0.581 0.442 -0.32 7.88 3.50 8.40 

Dy -8.00 0.578 0.439 -0.44 8.13 3.50 8.80 

Ho -8.00 0.579 0.440 -0.56 8.22 3.50 8.95 

Er -7.90 0.572 0.435 -0.68 8.37 3.50 9.15 

Tm -7.70 0.570 0.433 -0.79 8.59 3.50 9.50 

Yb -7.70 0.568 0.432 -0.92 8.56 3.50 9.55 

Lu -7.60 0.567 0.431 -1.00 8.61 3.50 9.70 

average  0.587 0.446     
a Baes and Mesmer, for Ln3+ + H2O = Ln(OH)2+ + H+. 
b (Milne et al., 2003), equations (3) and (4), also Eqs. 5.27 and 5.28 in this Chapter. 
 

binding constants in a generalized way has to be done with caution. In the natural 
nvironment there is a wide variety of humic substances that may have different precursors, with 
n one end of the spectrum terrestrial HS derived from lignin (wood materials) that is aromatic in 

HS that are more aliphatic in nature and thought to be 

differences in REEs binding among HS have been mapped out, this binding constant compilation 

 
5.4.9. Implications for REE speciation in natural waters 

 The presently determined conditional binding constants as well as NICA-Donnan binding 
parameters indicate that at least for coal derived (Leonardite) HA and lignin derived Suwannee 
river FA there is a lanthanide contraction effect, that favors HREE binding over LREE binding. 
Unpublished results form our lab have shown similar observations for soil derived Elliot HA 
(supplied by the IHSS). Given the presence of a lanthanide contraction effect in over 100 organic 
and inorganic ligands, and a variety of important mineral colloids (MnO2, α-FeOOH, α-Al2O3, 
montmorillonite, calcite, aragonite and dead and living macroalgae) with the exception of silica 
phases (Byrne and Kim, 1990), the increasing binding affinity of ligands for HREE over LREE 
is more rule than exception. Therefore, we expect the observed lanthanide contraction effect to 
be present in all HS, present in all aquatic environments. However, using the presently 
determined 
e
o
nature and on the other end marine 
aggregates of dead algal material. Certainly CE-ICP-MS makes possible the exploration of REEs 
binding to all of these different HS, yet this will be a time consuming effort. Until the potential 
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will have to serve as proxies for HS in general and under extrapolated conditions (up to 0.67 
mol.L-1 IS for sweater and over a pH range of 4-9 for rivers). 

Having emphasized the caution in extrapolating these results we can begin to survey the 
effect of HS on REE binding in aquatic systems, starting with a make comparison of fresh water 
complexation to marine complexation using the NCIA-Donnan model and the aquatic speciation 
program ORCHESTRA (see Appendix A.5). Table 5.7 contains average major and trace element 
compositions of fresh and salt water (Morel and Hering, 1993). Binding constants for inorganic 
interactions between major cations and anions, as well as hydrolysis and precipitation were 
obtained from Morel and Hering (1993). Specific interaction between Ca and Mg and FA and HS 
was modeled with recommended NICA-Donnan constants from Milne et al (2003). HS are 
assumed to be present as fulvic acids, an assumption that is certainly valid for marine systems 

ibes, 1992) at concentrations of 1-100 mg.L-1 (fresh waters, (Morel and Hering, 1993)) and 
0.01-1 mg.L-1 (seawater, (Libes, 1992; Morel and Hering, 1993; Sholkovitz, 1992)). REE 
concentrations in seawater (Table 5.7) are for deep Atlantic water, close to the Amazon estuary, 
and fresh water REEs are for the Amazon river (Sholkovitz, 1993). REE speciation calculations 
indicate that for the above chemical compositions, REEs are bound to FA in excess of 99%. 
When FA concentrations in Fresh water decrease below 1 mg.L-1, LaFA complexes decrease to ~ 
80-95% at lower pH values (5-6) while Lu remains bound at >99% at all pH values. Under 
conditions typical of seawater (pH 8.1) REEs are complexed >99% by FA at levels higher than 1 
mg.L-1. REE complexation in seawater at decreasing FA levels is depicted in Fig. 5.19. Below 
0.1 mg.L-1 La complexation by FA decreases while Lu remains bound to FA even down to 0.001 
mg.L-1. These brief results for LnFA complexation under fresh and seawater conditions suggests 
the dominance of organic lanthanide complexation. Only at FA concentrations below 0.1 mg.L-1 

does inorganic (carbonate) speciation become important. For river systems (fresh water) this 
illustration correlates with many observations of REEs being dictated by DOM concentrations 
(Braun et al., 1998; Dupre et al., 1999; Sholkovitz and Szymczak, 2000). For seawater 
conditions, these results argue for a more important role of marine HS in the speciation of REEs 
than previously thought (Elderfield, 1988). This hypothesis has been suggested by others (Byrne 
and Kim, 1990), yet cannot be fully proven until the interaction between REEs and marine DOC 
is quantified. CE-ICP-MS would be an ideal technique to perform such an experimental 
investigation in addition to ultra filtration of seawater samples for the determination of colloidal 

EEs. It has to be noted that the use of HA instead of FA would have resulted in even stronger 
n complexation by HS, however we also omitted the presence of many trace metals that 

5.5. Concluding remarks 

 
The experimental results presented in this study qualify as one of the most 

comprehensive experimental studies into lanthanide-HS interactions. The most important result 
is the presence of a lanthanide contraction effect in the binding between organic functional 
groups of HS with Ln’s. The interpretation of this dataset with the simplest (1-site) and one of 
the most sophisticated metal-HS binding models, NICA-Donnan, should improve our capabilities 
of explaining naturally observed variations in REE patterns and thus contributing to a better 
understanding of trace metal transport in the surface environment. The NICA-Donnan model has 
been thoroughly tested on a large number of datasets, resulting in the identification of carboxylic 

(L

R
L
compete for HS binding sites (only Ca, Mg and protons were included). 
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and phenolic affinity distributions that are responsible for metal coordination.  Pearson’s hard 
soft acid base (HSAB) theory (Pearson, 1963) classifies the REEs as hard acids because REEs 
form no complexes with π-bonding ligands due to the unavailability of f-orbitals for bonding 
(compare to transition metals that do have d-orbitals participating in π -bonding, with 
consequential higher binding constants). REEs in general therefore prefer outer-sphere, ionic-
type coordination with hard bases, such as hydroxide, or in case of organic compounds with 
oxygen (O-) donor ligands. Since both phenol and carboxyl groups are O-donors, the NICA-
Donnan model has the correct theoretical basis to explain REE-HS binding variations. The 
decrease in ionic radius among the REEs, caused by the inefficient shielding of the nuclear 
charge, makes the HREE ‘harder’ acids than the ‘LREE’. Conversely, phenolic groups are harder 
bases than carboxylic groups due to the fact that carboxylic oxygen shares only one pair of 
electrons with backbone carbon, while phenolic groups share two pairs; i.e. the electron density 
of phenol groups is shifted towards carbon. The trends observed among the REEs are therefore 
coherent with HSAB theory: strong binding with phenolic sites and the presence of a lanthanide 
contraction effect. Because of the dominance of phenolic interactions over the experimental pH 
range (6-9), the Ln-carboxyl binding constants are ill constrained for MREEs and HREEs. The 
absence of variation in logKLn,1 for HA and the suggested decrease (inverse lanthanide 
contraction) in logKLn,1 for FA therefore requires experimental data at lower pH (3-6) before 
recommended values can assessed. It is therefore advised not to use the binding constants 
presented in this study below pH 6. As separation resolution decreases towards lower pH, due to 
the relative decrease in electrosmotic flow and the relative increase in laminar (dispersive) flow, 

 most literature conditional binding constants are based on a 
milar 1:1 interaction with carboxyl sites, mainly because the carboxyl sites density is easier to 

stants have a magnitude similar to 
-

ic 

this will require substantial method development with the current CE-ICP-MS interface. The 
application of the NICA-Donnan model resulted in a dominant role for phenolic sites in 
coordinating Ln’s at our experimental pH (6-9). It would therefore seem logical to have defined 
the 1-site conditional binding model based on a 1:1 interaction between Ln’s and phenol sites 
nstead of carboxylic sites. Firstly,i

si
determine experimentally by pH titration. By assuming that 1-site coordination only involves 
carboxyl groups a comparison with published studies is therefore more straightforward. 
Secondly, the 1-site model is such a simplification of reality, that it doesn’t really matter how 
one defines it, as long as it is capable of expressing the experimental results for a specific pH and 
IS. Nevertheless, we have explored the option of assuming 1:1 interaction with phenol sites only, 
and the result is similar lanthanide contraction trends described by different conditional binding 
constants. Both the 1-site conditional binding model and the NICA-Donnan model suggest the 
resence of poly-dentate binding. Conditional binding conp

published bi- and tr-dentate binding constants of simple organic molecules and the NICA
onnan model indicates proton:metal exchange rates on the order of  2:1 through the ion-specifD

non-ideality ‘n’ parameters. 
Additionally, the shift in binding site predominance as a function of pH as well as REEs 

begs for experimental confirmation by techniques such as electron paramagnetic resonance 
(EPR), which can probe the molecular binding environment of metals that have unpaired 
electrons (majority of REEs). 
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Table 5.7. Major ion and REE composi-tions of fresh water and seawater. Major ion 
concentrations given in mol.L-1; REE concentrations given in pM.L-1. 

 FreshwaterSeawater

 
  

Na 2.8 x 10
-4

4.7 x 10
-1

Ca 3.7 x 10 1.0 x 10

 34 930 

Nd 42 579 

Sm 11 146 

Eu 2.8 35 

d 17 150 

K 6.0 x 10
-5

1.0 x 10
-2

-4 -2

Mg 1.6 x 10
-4

5.4 x 10
-2

   

Cl 2.0 x 10
-4

5.5 x 10
-1

SO4 1.0 x 10
-4

2.8 x 10
-2

CO3 1.0 x 10
-3

2.4 x 10
-3

PO4 0.8 x 10
-6

2.0 x 10
-6

   

La 36 373 

Ce

G

Dy 17 130 

Er 13 70 

Yb 11 57 

Lu 1.4 7.2 

 
 
 
 

 
Figure. 5.19. Percentage REE complexation by FA in marine systems as a function of FA 
oncentration (1-0.001 mg.Lc -1). 
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CHAPTER 6 
 
 

SUWANNEE RIVER FULVIC ACID PROTONATION FROM 25-100 ºC IN 
0.03M – 0.5 M SODIUM TRIFLATE MEDIA. 

 
 
 
 

6.1. Introduction 

 
 In aquatic systems, complexation by naturally occurring organic matter is an important 
factor in determining transport, bioavailability and the ultimate fate of metals. Over the last two 
decades, the development of models that predict the charging and complexation behavior of humic 
substances (HS) has seen great advances (Milne et al., 2001; Tipping, 1998; Tipping and Hurley, 
1992). The ultimate goal of such a model is its incorporation in existing thermodynamic aquatic 
speciation computer codes to predict the molecular fate and dynamics of all the chemical species 
that HS interact with (e.g. dissolved metals, organics, particles) in the environment. This was 
recently accomplished for some 14 metals (23 indirectly) (Kinniburgh et al., 1999; Milne et al., 
2003; Tipping, 1998). Despite the coverage of a broad pH and ionic strength range, reflecting 
environmental and industrial conditions, the experimental basis has also constricted the 
predictability of these models to standard temperature conditions of 25 ºC. The geochemistry of 
HS in environments with elevated temperatures such as hydrothermal settings, radioactively 

nducted systematically on humic or fulvic acids. Artificial thermal techniques have 
ver to simulate maturation and diagenesis of natural organic matter (NOM) 

in relation to hydrocarbon generation ((Lu et al., 2001) and references therein). 
 Before metal-HS binding can be quantified, proton binding has to be understood. Protons 
are an omni-present competitor with metal ions and originate from the dissociation of the 
dissolution medium H2O. This study therefore focuses on the protonation behavior of HS as a 
function of temperature, pH and ionic strength. Based on the current knowledge of the 
predominant binding sites and binding affinities of HS, a prediction can be made of temperature 
trends by analogy with smaller organic molecules. pH titrations of HS describe protonation 
behavior optimally when protonation constants (pK) for average carboxylic (acetic acid) and 
phenolates are used (Bowles et al., 1994; Bresnahan et al., 1978; Perdue and Lytle, 1983; Perdue et 
al., 1984; Ritchie and Perdue, 2003). Independent studies into the protonation of acetic acid 
(Mesmer et al., 1989) and phenolic groups in kraft lignin (Norgren and Lindstrom, 2000) over a 
similar temperature range have shown an increase in proton affinity with temperature. Benzoic 
acid (Kettler et al., 1995)shows a similar increase in pK (i.e. decrease in Q) with increasing T. 
Malonic acid shows an increase in pK at low I.S and decrease in pK at high I.S. as a function of T 

contaminated groundwater systems or deep aquifers requires an understanding of its charging 
behavior and binding properties as a function of temperature. To our knowledge, no such studies 
have been co
been used widely howe
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(Kettler et al., 1992). Citric acid (Benezeth et al., 997) displays a complex behavior of its three 
carboxylic groups pK’s as a function of I.S and T, though no larger deviation than 1 log units 
occurs. Oxalic acid has increasing pK’s with T for both its carboxylic groups (Kettler et al., 1991). 
Thermal studies on NOM diagenesis give evidence of a strong decrease in carboxylic groups and 
increase in phenolic groups between 25 and 100 ºC, induced by a shift from aliphatic to aromatic 
structure (Lu et al., 2001). Overall, there appears to be an increase in proton affinity with 
temperature that may be amplified by a shift from carboxylic to predominantly phenolic type 
binding sites at higher temperatures. For precise protonation titration curves, the amount of binding 
sites and binding strength can be constrained. Investigating HS protonation as a function of T, pH 
and IS should therefore allow us to evaluate these binding parameters.  

 
 

6.2. Materials and Methods 

 
6.2.1. Materials 

Suwannee River Fulvic Acid (SRFA) standard was obtained from the International 

en pH 8.0 and pH 10.0 (phenol). 
 The standard procedures for the preparation of stock solutions, storage and handling have 
been described elsewhere (Palmer and Wesolowski, 2001). NaTr was chosen over NaCl as a 
non-complexing background electrolyte. It is a stable and strong electrolyte and due to the 
localized charge on the anion, interactions with metal ions are weak even at higher temperature 
(Benezeth and Palmer, 2000). Additionally, NaCl was anticipated to interfere with metal-SRFA 
binding studies that are presently under investigation (Cl- has an affinity for metal ions). The 
preparation procedure for NaTr has been described in detail elsewhere (Benezeth and Palmer, 
2000). All solutions were prepared in distilled deionized water (resistivity 0.18 MΩ.m-1). Based 
on successful protonation studies at 100 mg.L-1 HS (Fiol et al., 1999; Lopez et al., 2001), the 
limited amount of standard available from IHSS (for SRFA standard:100 mg per year), and the 
goal to stay close to the natural upper limit of aquatic HS levels (~100 mg.L-1) we performed all 
titrations at 100 mg.L-1 SRFA. 
 
6.2.2. Measurement of H

+
 molality. 

Two different potentiometric methods were used to monitor pH changes during base 
titrations of SRFA. Conventional glass electrodes were used to measure pH at low temperatures 
(25-50 ºC) with an autotitrator setup and a hydrogen electrode concentration cell (HECC, 
(Mesmer et al., 1970)) was used to monitor pH at elevated temperatures (25-100 ºC). All 
experiments were conducted at Oak Ridge National Laboratory. The HECC consists of two, 
coupled H2 platinum half cells in the following configuration: 
 
 H2, Pt ⎥ HTrm1, NaTrm2⎥⎥ HTrm3, NaTrm4, SRFA⎥ Pt, H2

 
Where m1 represents the molality of the species, ⎥ represents the Pt electrode solution interface, 
and ⎥⎥ is the separation between the two compartments (i.e., the liquid junction barrier). If m2 is 
approximately equal to m4 (i.e., the ionic strength is approximately the same for both half cells), 

 1

Humic Substances Society (IHSS) in its protonated form. IHSS certified values for the total 
carboxylic and phenolic functional groups are 5.80 and 1.50 meq/g SRFA respectively. These 
have been estimated from the total negative charge at pH 8.0 (carboxyl) and twice the change in 
charge betwe
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and m1<<m2 and m3<<m4, then the liquid junction potential is minimal. Based on this 
configuration, the molality of H+ in the experimental solution can be determined relative to the 
known H+ concentration in the reference cup via the Nernst equation 
 
 Log[H+]test = log[H+]ref –F/(E+ELJ)/(2.303RT)    (6.1) 
 
Where the square brackets indicate molality, E is the measured cell potential, ELJ is the estimated 
liquid junction potential, F is the Faraday constant, R is the ideal gas constant and T the absolute 
temperature. 
 The HECC used in this study consists of two Teflon cups containing the reference and 
experimental solutions. The cups are separated by a semi-porous Teflon liquid junction, share the 
same H2 atmosphere, contain identical platinum electrodes and are stirred magnetically with 
Teflon-coated stir bars. The design and function has been described in detail elsewhere (Mesmer 
et al., 1970; Palmer et al., 2001). For each series of titrations at different temperature and 
constant ion strength a batch of reference, experimental and titrant solutions was prepared from 
stock solutions. SRFA was weighed into the experimental solution (~0.0200 ±0.0001 g) and used 
over a period of up to 8 days. Basic titrant was purged with Ar to remove CO2 and stored under 
Ar pressure before transfer to the titrant pump. Approximately 4g of reference and 30g of 
xperimental solution were weighed into the inner and outer Teflon cups respectively. Upon 

l compartment using an accurately calibrated positive displacement 
ump. Additions were aimed to generate 10-20 mV steps and equilibration times reached from 5-
0 minutes in order for the drift to be <0.1 mV.min-1. Around neutral pH range the drift was >0.1 

made after 30 minutes. Several experiments were run in 
duplica

n. 

The H+ molality at each titration point was calculated using a FORTRAN code that keeps 

e
closing the vessel, the headspace was purged seven times with high purity H2 to 15 bars. The 
vessel was equilibrated for 8-14 hours at a constant temperature with a water bath (25 ºC) or an 
aluminum block furnace (50-100 ºC). From a starting pH of ~3.0, 20-30 aliquots of NaOH were 
titrated into the experimenta
p
3
mV/min and potential readings were 

te and blank titrations were conducted on experimental solutions without SRFA. 
Proton binding was also studied at lower temperatures of 25, 35 and 50 ºC and similar 

ionic strengths of 0.03, 0.1 and 0.5 molal NaTr with a glass electrode autotitrator set-up. 
Titrations were conducted in a 100 ml jacketed, glass vessel, under continuous flushing of high 
purity Ar gas. Experimental solutions were prepared and stored as described for the HECC. The 
temperature was controlled at ± 0.1 C via a Neslab thermostated bath. Titrations were performed 
on a Mettler DL70 ES autotitrator with DL WIN software package. An Orion Ross Combination 
electrode was used for all titrations. The KCl electrode filling solution was replaced by NaCl to 
prevent precipitation of KTr at the liquid junction. Two-point electrode calibrations were 
performed before each SRFA titration by titrating a 36 ml of strong base with 4 ml of strong acid 
to pH 2.6. Subsequently ~0.0040 ±0.0001 g  of SRFA was weighed into the calibration solution, 
stirred for 15 minutes, and then in 10 mV steps titrated up to ~pH 10. Upon each addition of base 
a mV readings was made when the drift on the pH electrode was less than 0.1 mV.sec-1. If this 
criterion was not attained within 10 minutes, a mV reading was made and the next base addition 
performed. 
 
 
6.2.3. Experimental data reductio

track of all the changes in temperature, H2 pressure, dilution factors, H2O volatilization and 
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correct Qw values. Temperature varied less than 0.1 ºC during a titration and pressures typically 

increased by 1-2 bars. A typical set of titration curves at 0.5 m NaTr and 25-50 ºC is given in 

Fig. 6.1. Temperature appears to have a significant influence on the shape of the curves, 

especially at high pH levels. Blank curves (shown for 35ºC in Fig. 6.1) show steeper inflection 

points and require less titrant additions. The difference between blank and SRFA titrations is 

caused by the deprotonation (titrant consumption) of SRFA and can be calculated by either 

subtracting measured blank curves, or more typically a ‘calculated’ blank curve. The latter is called 

a ‘theoretical blank subtraction’ and may be applied when experimental blank curves match 

calculated blank curves (Machesky, 1993); this is illustrated for the experimental blank at 35 ºC 

(Fig. 6.1) in Fig. 6.2. No significant difference is observed and therefore no solution impurities bias 

the experiments. 

 

 

 

ig. 6.1. Typical set of autotitrator curves obtained at 0.5 molal IS and 25-50 ºC. One blank curve 

autotitrator: 0.5 m NaTr
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autotitrator: 0.5 m NaTr

9.5

10.5

35C theoretical blank

2.5

3.5

4.5

5.5

6.5

7.5

8.5

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

p
H

35C measured blank

0.10

mmol titrant (NaOH) added

Figure 6.2. Comparison of the experimental blank titration at 0.5 molal IS and 35 ºC (Fig. 6.1) 
with a theoretical blank curve that is calculated based on solution compositions. No significant 
difference is observed. Note that the x-axis expresses the amount of titrant (mmol NaOH) 
necessary to achieve a certain pH. 
 
 
In general, all measured blanks showed good agreement with theoretical blanks. Therefore we 
applied a theoretical blank correction to the SRFA titration curves. In short, blank subtractions 
were performed by calculating the volume of base required to increase the pH of an equivalent 
amount of blank electrolyte solution. This volume is then subtracted from the total volume of 
base added to the electrolyte plus SRFA solution, the difference being attributable to SRFA. 
This intuitive description is similar to a formal proton balance, keeping in mind that the SRFA 
was added to the experimental solution in protonated form: 
 
[FA-] =  NaOHtot – ( HTrtot - [H+] + [OH-])      (6.2) 
 
where NaOHtot is the added amount of titrant, HTrtot is the total initial amount of H+ present in 
solution. Both NaOHtot and HTrtot are expressed on a mol/g total solution basis and their 
concentrations are updated after every NaOH addition. [H+] and [OH] are the measured molal 
concentrations of protons and hydroxyls. The water dissociation quotient, Qw, was taken from 
(Palmer and Drummond, 1988). [FA-] represents the amount of dissociated protons from SRFA 
and thus the absolute charge on the FA molecule. The fact that Eq. 6.2 directly returns an 
absolute value for [FA-] (commonly denoted as Q) might not be obvious at first. Many authors 
outline the procedure for blank subtraction and subsequent calibration of relative ∆Q vs. pH 
curves separately (Milne et al., 1995). This amounts to first correcting for the blank, by 
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subtracting the amount of NaOH required to obtain the desired pH change in a system without 
FA, from the experimentally added amount of NaOH. Mathematically, this is Eq. 6.2, however 

 (6.3) 
 

f T trends. 
Fig. 5 shows the first derivative of the 0.03 m IS, 25 ºC titration curve in Fig. 3a. A clear 

is 
.8 

erd 3). Above  the phOH groups start to deprotonate, though accurate 
p qu the exact maximum which lies around pH 9.5 

erd

  

with HTrtot, the calculated proton concentration of the system, replaced by the initially measured 
proton concentration [H+]. Yet, recognizing that: 
 
∆[H+] = [H+]meas - HTrtot       

one obtains a relative ∆Q vs pH curve that requires calibration at a pH for which Q is known. 
This can be done in different ways, however in our experiments we make use of the fact that 
SRFA is dissolved in its protonated form and that the deviation between initial measured and 
calculated pH, ∆[H+] represents the absolute initial charge, Q0 on the FA. We can then make the 
relative ∆Q vs pH curve absolute by adding ∆Q to Q0. This is mathematically equivalent to Eq. 
6.2. A third approach to calculate the absolute charge of the FA from the experimental data 
makes use of a charge balance and is mathematically equivalent to Eq. 6.2 as well (Fiol et al., 
1999; Ritchie and Perdue, 2003). 

 
6.3. Results 

 

6.3.1. Autotitrations (25-50 ºC) 

The blank corrected SRFA titration (25-50 ºC; 0.03-0.5 m IS; pH 3-10) curves are 
summarized in Figs. 6.3a-c (IS variations) and 4a-c (T variations). Due to large theoretical blank 
corrections at the lower and higher pH domain of the experiments, large errors in the Q values 
are introduced, resulting in the odd-looking tails of the titration curves. Therefore, the data 
interpretation only focuses on the pH range 3.5-8.5. All titration curves lack distinct inflections 
points and show the typical curvature around pH 4 and pH 8, indicative of a wide distribution of 
different carboxyl and phenol sites. Q values as a function of IS show conflicting patterns (Figs. 
6.3a-c). At 50C, Q values at a specific pH increase with increasing ionic strength. This reflects 
the commonly observed sequence of IS curves as the background electrolyte cation (Na) force 
deprotonation through charge quenching of SRFA. At 25 and 35 ºC however, it can be observed 
that the 0.5 m IS curves occupy space in between the 0.03 and 0.1 m IS curves. This unfortunately 
suggests a deprotonation behavior that is in conflict with the current physicochemical models for 
HS. Although, the expected behavior of SRFA deprotonation as a function of T is unknown, Figs. 
6.4a-c suggest similar non-linear behavior. At 0.03 m IS (Fig. 6.4a) temperature trends reveal a 
successive decrease in slope of the titration curves with T. However, at 0.1 and m IS (Fig. 6.4b) 
this succession is warped, by a close resemblance of 25 and 35 ºC curves and a large difference 
with the 50 ºC curves. At 0.5 m IS (Figs. 6.4c) the 35 and 50 ºC curves are reversed, indicating a 
on-linear succession on

 
minimum at ~pH 4.3 is present, indicating the approximate pK value of the carboxyl group. Th
result is in reasonable agreement with literature results for SRFA, indicating pKcarboxyl of 3
(Ritchie and P
data at higher 

ue, 200  pH 7.5
H would be re ired to locate 

(Ritchie and P ue, 2003). 
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Figure 6.3a-c. Autotitrator results summary expressed as absolute charge of SRFA as a function 
of pH, IS and T. Titration curves are grouped for each T such that pH and IS variation is 
emphasized. 
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Figure 6.4a-c. Autotitrator results summary expressed as absolute charge of SRFA as a function 
of pH, IS and T. Titration curves are grouped for each IS such that pH and T variation is 
emphasized.
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Figure 6.7. Sum HECC raw data at 0.1 m IS and varying T (25-100 ºC). Duplicate 
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Figure 6.9a-c. HECC results summary expressed as absolute charge of SRFA as a function of 
pH, IS and T. Titration curves are grouped for each T such that pH and IS variation is 
emphasized. 
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6.4. Discussion and recommendations 

 
The results section has pointed out a large number of problems with both autotitrator and 

HECC titration results. In this section we will discuss the consequences of this for both datasets, 
address possible causes for the problem make suggestions on ‘how to 
improve the experiments’. 
 The HECC titrations (25-100 ºC) clearl  suffer from inaccurate blank corrections. The 
absence of inflect n with the most 
common bi-modal HS models. It is unlikely that experimental stock solutions for the HECC were 
ontaminated with an impurity as similar impurities were not observed with autotitration stock 
olution

ass vessel used with 
 during a titration, SRFA remnants of past experiments generate proton capacity, 

then all experiments are potentially biased by an unknown and variable amount. Even obtaining a 
full set of experimental titration curves would therefore not allow 
correction. The HECC titration data are therefore unusable as is. 
stopped HS research with teflon vessels, because the need to work at 10-fold higher concentrations 
(see below) may increase the HS adsorption in the porous Teflon walls even more. 
 Autotitrator results did not result in a direct way from inaccurate blank corrections as a 
good agreement was obtained between experimental and theoretical blanks. However, an error 
analysis of all the different experimental steps pointed out th f 
titrant is neutralized by H2O, which essentially is the ‘blank’. This can be clearly seen in Fig. 6.1, 
where ~3 ml is needed to reach pH 7 in case of the blank and ~ 4 ml of titrant is needed when 

RFA is present. The subsequent blank subtraction, whether theoretical or experimental, reaches 

icantly different. The pH drop upon addition of SRFA is 

 initial charge estimate. The consequences of this are obvious: all of the titration 
n in Figs. 6.3a-c and 6.4a-c have a 

round pH 3.7, befo e 
rst point, this means that all of the curves can be shifted along the x-axis (Q, charge of SRFA) 

by an amount of 20%. T e 
tration curves with IS. If one were allowed to shift each curve horizontally by 20% around its 

atic observations and 

y
ion points will not allow a conventional data interpretatio

c
s s. Both HECC and autotitrator stock solutions were randomly prepared in similar 
containers and from the same lab wide stock solutions. During the HECC experiments it was 
observed that the Teflon vessels that hold the reference and test solutions developed a brown color, 
ossibly due to wall adsorption of SRFA. This was not observed with the glp

the autotitrator. If

an accurate experimental blank 
ORNL personnel has currently 

at 75-100% of the added amount o

S
maximum amounts at low and high pH values (smallest slope of titration curve). The autotitrator is 
well suited for determining changes in the relative charge, Q, during the experiment by accurate 
pH measurements; this is directly reflected in the detailed curvature as a function of pH. The real 
problem however, lies with the procedure we used to determine the absolute charge of SRFA, by 
scaling the relative charge curve to the initial charge, Q0, before any titrant additions. Q0 is 
determined from the drop in pH upon addition of SRFA to the test solution of known pH. This 
drop in pH occurs because SRFA is added in its protonated form and a small amount of protons 
dissociates at the starting pH o the experiments (pH 3.7). This is illustrated in Table 6.1 by 
comparing the experimental pH with the calculated pH for a blank and SRFA titration. The 0.004 
pH unit error on the calculated pH is related to a volumetric addition of acid calibrant to the initial 
basic test solution (in order to obtain a calibration curve). The calculated and experimental pH at 

e start of a blank titration are not signifth
significant, however and converting this number into an absolute amount of protons has a large 
error associated with it; approximately 148 ± 28 µmoles H+ have dissociated. This amounts to a 

0% error on the2
curves show 20% error on (only) the first point of the curve 

re any addition of titrant. As the entire titration curve is anchored onto tha
fi

his explains the observed illogical and conflicting successions of th
ti
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first data point then the conflicting IS variations are not significant any longer. Repositioning of 
the curves is therefore a necess
 A final source of erro f 
xtremely small amounts of SRFA, in solid form, to each experiment. These additions of 
0.0040 ±0.0001 g SRFA indicate a 2.5% weighing error and may have induced a potential 

heterogeneity problem due to the 
At this point some simp S 

inal working concentration of 100 mg.L-1 HS is too low, even though several studies 
ave been published at these concentrations. The majority of studies however used 1-4 g.L-1, 

thereby involuntarily risking artif tal conditio higher HS 
levels, the addition of HS to the e p uce a larger use 
more protons will dissociate. Reversing the experiments by starting at basic pH (~pH 11) should 
induce an even larger pH drop and seems therefore advisable. Weighing errors regarding the 
ddition of SRFA will also be smaller at higher level, though making additions of dissolved HS 
stead of solid powder may avoid heterogeneity problems. Using one single HS stock solution 

also forces inheritance upon all experiments and thereby increases precision. Currently ORNL is 
carrying out HS autotitrations at at 
100 mg.L-1. 

In essence then, the autotitrator dataset consist of accurate pH trends and inaccurate IS 

t IS curves at 25 ºC by pH-stat salt titrations of HS. This 
ethod is based on the addition of salt to a solution containing HS over the IS range of interest, 

while maintaining a constant pH. The added salt induces deprotonation and this can be monitored 
by pH measurement. The drop in pH can then d 
from HS between two relevant IS levels (i.e. in our case 0.03 and 0.1, and 0.1 and 0.5 m), which 
irectly relates to the charge difference, dQ, between titration curves. This method has now 
ecome the standard approach of a number of titration labs (Avena et al., 1999; Milne et al., 1995; 

cientifically sound method to correct 
nd save the autotitrator dataset. An alternative method is to perform all IS titrations with one 

single HS solution; i.e. after each pH titration, an amount of salt is added to increase the IS 
(Christensen et al., 1998; C e 
next pH titration is perform  
collaborative approach at ORNL to start a HS investigation by titration methods has at this time not 
ielded usable results. 

ity before the autotitrator dataset can be modeled. 
r contributing to this problem may have been the addition o

e
~

solid freeze dried) state of SRFA. 
le recommendations can be made to improve the art of H

titrations. A f
h

acts related to non-environmen ns. At 
x erimental solution should ind  pH drop, beca

a
in

 1 g.L-1 and initial results indicate a better reproducibility than 

trends. Therefore one can ask whether there is an experimental way to correct for this and 
practically shift the IS curves to their appropriate positions. Such a way has surprisingly been 
published on, which might be seen as a hint towards (similar) experimental difficulties that other 
researchers face in the field of HS titrations. Milne et al. (1995) reported on a method to determine 
the correct distance between differen
m

 be translated into the amount of protons dissociate

d
b
Pinheiro et al., 1999) and would be an easy experimental and s
a

hristl and Kretzschmar, 2001; Christl et al., 2001) and subsequently th
ed. The unfortunate conclusions of this chapter however is that the

y
 
 
Table 6.1. Comparison of calculated and measured starting pH for a blank and SRFA titration. 
 Blank SRFA 
pH calculated 2.704 ± 0.004 2.700 ± 0.004 
pH measured 2.699 ± 0.002 2.667 ± 0.002 
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A new analytical technique, CE-ICP-MS, was explored for use in low temperature 
mical research. CE-ICP-MS combines the ultra-high resolution of capillary 

lectrophoresis with the new generation inorganic mass specific detector ICP-MS. The capability 
y nearly all inorganic elements in the periodic system, down to nano- and 

s makes it an ideal detection system for the low volume (nanoliter) 
separation technique that CE is. The coupling of CE to ICP-MS was performed via the so-called 
sheath flow interface. 

The nature of CE, being a disequilibrium
kinetic theory to evaluate which molecular forms of metals are stable on the time-scale of a CE 
separation. Due to the separation of free metal ions, free ligand ions and metal-ligand complexes 

us that metal ligand dissociation can be either very rapid 
anoseconds) or very slow (months) depending on properties of both the metal (rate of water 

loss) and the metal-ligand complex (equilibrium binding constant). A useful tool that captures 
the metal-ligand complex stability is shown to be its theoretical half-life, which can be 
formulated based on the above-mentioned rate of . 
Kinetically slow metals such as Cr3+ will form complexes with nearly all ligands and remain 
stable on the time scale of a CE separation. Kinetically fast metals, like Pb2+ will only form 

able complexes with respect to CE disequilibrium conditions when the strongest class of 

 detected because they will have dissociated and 
tic approach toward molecular 

on has been incorporated into a numerical simulation model of 
CE-ICP-MS. This model combines basic computational fluid dynamics describing diffusion, 
advection and dispersion with kinetic reaction rates of  
post-capillary spray chamber band broadening. The streng  
the most important non-linear processes that combine to produce the end result at the detector as 
an electropherogram. The model can be used to evaluate parameter space of all facets (physical 

 
CONCLUSIONS 

 

geoche
e
of ICP-MS to quantif
picomolar concentration

 speciation technique required the revisitation of 

into separate zones during a CE separation, there will be a tendency for all three species to reach 
a new chemical equilibrium. The rapidity of attaining this new equilibrium can be described with 
reaction kinetics, which tells 
(n

 water loss and equilibrium binding constant

st
chelators is involved such as EDTA. This convenient first order approximation of complex 
stability, by means of half-life, should offer a guideline for what is detectable by CE-ICP-MS. 
Complexes such as Cr-acetate, Fe(III)-citrate, Hg-NTA can be detected by CE-ICP-MS whereas 
Cu-acetate, Cu-citrate and Zn-NTA cannot be

acted into new species before reaching the detector. The kinere
interactions during a CE separati

all metal and ligand species as well as
th of this model lies in its capturing of

and chemical) of a CE-ICP-MS separation and thus lead to efficient experimental optimization. 
Many of the theoretically predicted (in)stability effects have been confirmed experimentally and 
in the case of laminar flow and spray chamber volume an extensive comparison of model and 
experimental results guided the CE-ICP-MS interface optimization. 

By establishing the interrelationships involved in CE-ICP-MS experiments from the 
viewpoint of aquatic geochemistry, which implicitly deals with a wide variety of stable and 
unstable metal-ligand complexes, we set out to study lanthanide (Ln) - humic substances (HS) 
interactions. A ligand competition method, based on the addition of strong ligand EDTA to a Ln 
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– HS mixture, was developed. In the presence of strong ligands EDTA and HS, lanthanides 
partition into a bi-modal speciation distribution: LnEDTA and LnHA. By separating these tow 
metal-ligand compelxes we have been able to determine equilibrium binding constants for all 14 
stable rare earth elements (REEs), Sc and Y with Suwannee river fulvic acid (SRFA) and 
Leonardite humic acid (LHA) at near environmental conditions (pH 6-9, 0.01 – 0.01 mol.L-1 
NaNO3, 100 nmol.L-1 Ln, 10 mg.L-1 HS). Conditional binding constants for LnHS (Kc) were 
found to increase gradually by 2-3 orders of magnitude from La to Lu. This increasing relative 
affinity reflects the lanthanide contraction, a basic chemical property of the REEs related to the 
gradual decrease in ionic radius from La to Lu. LogKc values were found to gradually increase 
with increasing pH and decrease with increasing ionic strength. Additionally, LHA logKc’s were 
on average 1.5 log units higher than SRFA logKc’s with a total range of 9.0<logKc<16.5 for all 
REEs under all experimental conditions. These results confirm HS to be strong complexing agent 
in natural systems, and for the first time show experimental evidence for REE fractionation by 
HS complexation. The differential binding strength among the REEs towards HS provides a 
means to fractionate REEs in the aquatic geochemical cycle including weathering, river 
transport, and estuarine and open ocean processes. In order to provide for a flexible means to 
study these processes, the experimental data was fitted with the Non Ideal Competitive 
Adsorption (NICA) – Donnan model, that predicts continuous metal-HS speciation as a function 
of pH and IS. The NICA-Donnan model itself is included as an object in ORCHESTRA (Objects 
Representing Chemical Speciation and Transport), a novel reactive transport speciation program 
that can couple HS – particle – metal interactions in a competitive way and along multi-
dimensional gradients. 

Though not explored in great detail, it has been shown that CE-ICP-MS can be used to 
probe kinetic metal-ligand interactions as well. Therefore, despite its confinement to detecting 
non-labile metal-ligand complexes, CE-ICP-MS opens up a field of opportunities to address 
metal complexation, transport and function in aquatic surface environments. 
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SYMBOLS AND ACRONYMS USED 

Symbol Description Unit 

 
 
 

APPENDIX A 
 

 
 

A radius of the capillary m 
a 

Empirical parameter in NICA-Donnan model  
 Empirical parameter in Davies equation  

E Capillary Electrophoresis  

al model m 
t time step of the numerical model sec 

LJ Liquid junction potential volt 

 
 Faraday constant (96,490) C.mol-1

A Fulvic Acid  
HA Humic Acid  

ECC Hydrogen electrode concentration cell  
HEPES

SS International Humic Substances Society  
IS Ionic Strength  
ISE Ion Selective Electrode  

Empirical parameter in Davies equation  
b 
b
C-DM Capillary Disperion Model  
C
CSC-DM Capillary Spray Chamber Disperion Model  
ci Solution concentration of component ‘i’ in NICA-Donnan mol.L-1

cD,i Donnan gel concentration of component ‘i’ in NICA-Donnan mol.L-1

cx
t Molal concentration of analyte at grid point x, at time t mol.kg-1

C0 initial concentration of analyte in the spray chamber mol.Lgas
-1

CICP concentration of analyte in the SC outflow gas mol.Lgas
 -1

CSC concentration of analyte in the SC gas mol.Lgas
 -1

D diffusion coefficient of analyte m2.sec-1

Da Damkohler number  
DOM Dissolved Organic Matter  
dx length step of the numeric
d
E HECC potential volt 
E
EDTA Ethylenedinitrilotriacetic acid  
EPR Electron Paramagnetic Resonance  
φ Ratio of CE flow to sheath flow rates 
F
F

H
 N-2-Hydroxyehtylpierazine-N’-2-ethanesulphonic acid  

HPLC High Performance Liquid Chromatography  
HS Humic Substances (HA + FA)  
ICP-MS Inductively Coupled Plasma Mass Spectrometry  
I.D. Inner Diameter m 
IH
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k -23 -1Boltzmann constant (1.380 x 10 ) J.K
kform

diss Kinetic rate of dissociation of ML complex mol.sec-1

-1

 
ES 2-(N-Morphoino) ethanesulphonic acid  

n1 No
Do

2 Non-ideality of the hydroxyl affinity distribution in NICA-  

0 r the SC mol 
SC Number of analyte ions in the SC at time t mol 
ICP Number o mol 
ICA Non Ideal  

Kinetic rate of formation of ML complex mol.sec-1

k
kexch Forward kinetic rate of ligand exchange (Eq. 4.12) mol.sec
k-exch Reversed rate of ligand exchange (Eq. 4.12) mol.sec-1

k-w Water loss rate constant mol.sec-1

K dispersion coefficient of analyte m2.sec-1

KOS Equilibirium constant for Outer Sphere complex formation  
Ki1 NICA-Donnan carboxyl affinity constant for component ‘i’  
Ki2 NICA-Donnan hydroxyl affinity constant for component ‘i’  
Kc,ML Conditional binding constant for: M + L  ML  
Kps,ML Pseudo conditional binding constant corrected to 0 IS   
Kexch Conditional ligand exchange binding constant (experiments)  
Lcap Length of capillary m 
LHA Leonardite humic acid  
LIFS Laser Induced Fluorescence Spectroscopy  
Ln Lanthanides 
M

n-ideality of the carboxyl affinity distribution in NICA-
nnan 

 

n
Donnan 
Number of analyte ions that enteN

N
N f analyte ions that leave the SC 

 Competitive Adsorption N
NTA Nitrilotriacetic acid  
ORCHESTRA Object Representation of Chemical Speciation and Transport 

Models 
 

O.D. Outer diameter m 
p1 Width of the carboxyl affinity distribution in NICA-Donnan  
p2 Width of the hydroxyl affinity distribution in NICA-Donnan  
Qneb Nebulizer gas flow L.sec-1

Qmax1,H Carboxyl-type site density in NICA-Donnan model mol.g-1

Qmax2,H Hydroxyl-type site density in NICA-Donnan model mol.g-1

Qi,t Total amount of component ‘i’ bound to NICA-Donnan HS mol.g-1

Qw Water dissociation constant  
Q0 Initial charge of dissolved HS (at start of experiment) mol.L-1

Q Charge of dissolved HS (during experiment) mol.L-1

r0 center of capillary m 
r radial distance, away from r0 m 
R Ideal gas constant (8.314) J.mol-1.K-1

REE Rare Earth Elements  
ρliq Density of sheath flow solution kg.m-3

SC Spray Chamber  
SF Sector Field  
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SRFA Suwannee river fulvic acid  
tini initialization time for parabolic flow sec 
t1/2 Theoretical (minimal) ML complex half-life sec 
t1/2

* Apparent ML complex half-life sec 
t1/2-sim ML complex half-life observed in simulations sec 
 Spray chamber residence time sec 

TRIS Tris(hydroxymethyl)aminomethane  
u0 the maximum velocity at r0 (center axis) m.sec-1

ugas nebulizer gas velocity (central channel) m.sec-1

m.sec-1

volt 
-1

SC L 
10 e sec 

D J 
m  
 

usiph average siphoning velocity 
 CE high voltage V

VD Donnan Volume L.kg
spray chamber volume V

W peak width determined at 10% of the maximum valu
 Boltzmann factor in the NICA-Donnan model - 
Ψ Donnan potential in the NICA-Donnan model 
x distance along the capillary 
γ Activity of a species 
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APPENDIX B 
 

R T  O AN EQUATION DE IVA ION F NI

 
The Non Ideal Competitive Adsorpti

in recent experimental and applied studies (
ther o rwhe ing, 

CA-DONN
 

on – Donnan equation (NICA-Donann) as published 
Benedetti et al., 1996a; Milne et al., 2001; Milne et 

al., 2003) may have a ra ve lm non-intuitive appearance: 
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odynamic 
an isotherm model, 

aces lies in the 
ring, 1993). The 

quantified by an adsorption 
ressions for Γ as a function 
I), because they are strictly 
ing from the gas phase 

ysicoc
 

der s and equilibria for humic 

 (B.2) 

 

 

n

pnnn ~
iii

H

2
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This Appendix contains the derivation of the NICA-Donnan equation from basic therm

s equilibria and mass balances. Most importantly, the NICA-Donnan model i
much alike solid surface models where the coordinative behavior of surf
geometric restrictions imposed by the solid nature of surfaces (Morel and He

mbic (electrostatic) coordinative surface binding sites thus are susceptible to long-range coulo
interactions from other neighboring groups. 

The adsorption of a solute C on a solid X is traditionally 
density parameter Γ (moles/gram, or as with HA meq/g). Various exp
of [C] can be formulated and are know as Adsorption Isotherms (A
applicable to systems at constant T (a formulation originat
ph hemistry). 

The form of an Isotherm can be easily ived from mass balance
substances, HS: 
 

HHSHH ↔+      ,KS +−  H1  
 

][][ HHSHSH += −        (B.3) STOT
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will give: 

][
][

HHS
HHS

HS
][HK 1H

TOT +
+=        (B.4) 

 

⎟
⎟

⎜
⎜ +=

+
1

][

1
][

HK
HHSHSTOT        (B.5) 

⎠

⎞

⎝

⎛

1H

 

⎟
⎟
⎠

⎞
=][ HSHHS TOT  then multiply both sides by 

⎜
⎝

+ ][1 HK H

⎜
⎛

+
1

1

1
 

][1
+

HK

][1
+HK

H

H  to get 

 
 

( )][1
[

1

1
++

=
HK

HS
][ +HK

H

H
TOT       (B.6) ]HHS  

 above is in 
while the official Langmuir ] and FATOT converted to mol.g-1 

nt of olid m ss. T otherm 
 ollows For m ltiple uir 

 
which is the well-known expression for the Langmuir isotherm. Its derivation given
units of mol.L-1, 
y divi

 isotherm has [FAH
b ding by the amou  s a he NICA model is based on this Langmuir is
and can be derived as f : u  (protons + metals) the Langmcomponent system
isotherm (Eq. (B.6)) takes the form: 
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whic for protonation simplifie a u l term): h s to (le ving o t meta
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 gel phase; this will be 
 easily recognizable 

om the protonation NICA expression (Eq. (B.8)). However, heterogeneity effects (m) require a 

e Wageningen group (Koopal et al., 1994) give insight into 
e roo al terms to just the 

i

~ax m=      Q

 
with Q, the amount of protonated sites (meq.g-1), Qmax is the total site density (meq.g-1) and ‘m’ 
is a heterogeneity parameter (viz. width of Gaussian distribution) that reflects the combined 
effect of the intrinsic heterogeneity (p) and the ion specific heterogeneity (nH) through the 
expression m=nHp. ‘D’ subscripts indicate concentrations in the Donnan
explained in the next paragraph. The Langmuir Isotherm form (Eq. (B.6)) is
fr
more detailed explanation: 

pers by thOnly the earliest pa
th ts of the heterogeneity (in the sense that it has additional non-ide

 al. write: “The extension of Eq. (B.8) to the NICA equation Eq. Langmuir expression). Koopal et
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(B follows by .1) using (39) as the local isotherm in the integral binding equation for 
mption of 

.6) and adding up all species: 

heterogeneous site binding and integrating it over the Sip’s distribution und
ween the distributions.” 

er the assu
a full correlation bet
 

oing back to Eq. (BG
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This corresponds to: 
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OTE  Since the generic NICA expression Eq. 
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N  the QT,t expression indicating all components ‘i’.
n compone(B1) expresses the overall binding of a certai
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gen group adapted the main NICA model to make it 
niburgh et al., 1999). Initially Qmax in Eq. (B.11) is different 

l as well as protons. By normalizing to ni/nH, Qmax,H can be introduced 
ICA equation formulated: 

~

i

 
In a 1999 paper, the Wagenin
thermodynamically consistent (Kin
for each different m

d the consistent N
eta

an
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here n  is the ion specific non-ideality and p is the intrinsic heterogeneity seen by all ions. 
 for 

ecies I 
Qmax,H), reflecting cooperativity (multi-dentate 

nan model was developed to interpret titration style metal 
yield information on metal proton exchange. Therefore, the 

sump being exchanged for one proton is requires metal-proton 
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When (ni/nH) < 1, the maximum binding for species ‘i’ is less than the total site den
rotons (Q

sity
p max,H), reflecting multi-dentism. When (ni/nH) > 1, the maximum binding for sp
is larger than the total site density for protons (

NICA-Donbinding). Traditionally, the 
binding datasets, which implicitly 
as tion of one single metal ion 
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exchange of exactly 1. This often more the exception than the rule, as metal ions often induce 
ultipl deprotonatio identate binding; i.e. one metal ion binds 
SE el trode t the  solution (pH electrode). This was the sole 

odynamically consistent. The extension of 
itio ites on HA; 

m e n (ratio’s > 1), indicating mult
(I ec ) a expense of two protons entering

l thermreason behind making the NICA-Donnan mode
 re gnEq. (B.13) to Eq. (B.1) involves the final co n of two main types of binding s

i.e. carboxylic and phenolic sites.  
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 C 

 

tion of a parabolic flow profile as a function of radial distance r [m] 

 (C.1) 

the tube [m] and u0 the maximum velocity [m.sec-1] on the centerline. 
 is u0/2. Taylor (Taylor, 1953) showed that the parabolic concentration 

arying 
f Eq. 2 

here t versely proportional to the molecular diffusion coefficient. 
e described above; a large value of D will 

unter te advection along the centerline of the tube 
re rapidly analyte will diffuse from the centerline to the 

ectional diffusion is a negative feedback 
 adve rline. One limitation of Eq. (C.1) is that during a certain 

i   (C.2) 

 thereby 
he range of parameters used to create Fig. 3.6,  

i

mplicit 
file at t=t+dt, based on the concentration profile at 

+dt ing recasting the FDS into a matrix form and 
on). The numerical stability criterion (CFL) for 

Press et al., 1986) is defined as: 

 
 

APPENDIX

NUMERICAL SIMULATIONS 
 
 

C.1. Taylor’s analysis 

 
The velocity distribu

is: 
 

     u(r) = u0(1-r2/a2)   
 
where a is the radius 

he mean velocity, u
of 

T siph

profile is established by a simple balance between longitudinal advective transport (v
tion oalong the radius) and cross-sectional diffusive transport. This led him to the deriva

w he dispersion coefficient is in
This becomes clear when analyzing the balanc

rapid analyco act the dispersion caused by 
(umax). The, larger the values of D, the mo
wall where advective speeds are low. In essence, cross-s
to ctive dispersion along the cente
initialization time, tini[sec], formulated as: 
 

 = 0.4a2/D  tin       
 
the abov

 (C.1). However, for t
e mentioned balance between advection and diffusion is not established yet,

inhibiting the validity of Eq.
tin  < 5% of the elution time and therefore insignificant. 
 
 

C.2. Finite Difference Schemes 

 
 a stable solution for advective problems in general requires the use of iTo obtain

methods (i.e. solving the concentration pro
t=t simultaneously at all grid points), involv

nk-Nicholsusing advanced algorithms (e.g. Cra
advection, approximated by the explicit FTBS scheme (
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1≤⎟⎜ siph
         ⎟

⎠
⎜
⎝ dx

⎞⎛ dtu
 (C.3) 

erical 
elution 

d 
imally when 

FL=1 merical advection. However this constraint seriously delimits the 
a ral. For our purpose we can, however, sacrifice one degree of 

om  setting dx = usiph dt. This forces the advective 
 computational bias. It is worth 
D using Eq. (C.1) to describe the 

ion of radius, u(r), this approach does not work. The variation in u(r) 
 a solution can only be obtained by resorting to more complex explicit, 

ff r to im
iffusion (Press et al., 1986) is: 

 
mAlthough the advective FTBS is stable when CFL<1 simulations show that pure nu

advection (no diffusion or dispersion) of a rectangular plug always results in a Gaussian 
profile. This is the results of an artificial diffusion term, which is introduced when CFL<1 an
adds significant unwanted bias to the simulation. The FTBS scheme works opt
C , yielding perfect nu
applic bility of this scheme in gene

eedfr  (dx), by only allowing a choice for dt and
FDS to operate under CFL=1 at any time, thereby avoiding
mentioning that when dis

nct
persion is not simulated in 1D but in 2

radial velocity as a fu
ill cause CFL≠1 andw

such as Lax-Wendro  o plicit finite difference schemes (Press et al., 1986). 
The numerical stability criterion for d
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    (C.4) 

t for all experimental simulations. 

C.3. FORTRAN simulation source code 

es of electrophoresis such 

entration gradients (so called dirac or step-functions). Laminar 
 effect of smoothing out concentration gradients, such that the numerical code 

en reaction kinetics are included, time steps, dt, and 
Therefore, 
to 5 days. 

icated in red, and 
erent types of data files: one 

 
which was me
 

 

 
This Appendix contains the FORTRAN syntax to simulate a CE separation. It needs to be 
compiled using a FORTRAN ’90 compatible compiler before it can be executed. The program 
was developed with Microsoft FORTRAN Powerstation, which is part of Microsoft Developer 
Studio vs. 4.0. It was specifically developed to simulate CE separations under laminar (siphoning 
induced) flow conditions of metals and metal ligand complexes including the reaction kinetics of 
all possible interaction among metals and ligands. It has been tested with a maximum of five 
species, M, L1, L2, ML1, ML2 but can be expanded to any number of species, including acid 
base reaction that are often extremely fast on the time scale of a CE separation. Kinetics can be 
switched off, when species are non-labile. This simulation model assumes a constant field 
gradient (high voltage) that is not linked to the concentration distribution of the background 
electrolyte (NaNO3). It can therefore not be used to simulate other mod
as ITP, MECK, CEC. It is essential that (i) double precision is used for all parameters and (ii) 

minar flow is present in the simulation, because otherwise the ‘explicit finite difference la
scheme’ cannot handle large conc
flow has the
doesn’t violate species mass balances. Wh
length steps, dl, need to be fairly small: 1-100 µsec and 0.05 cm respectively. 
epending on the lability of the species involved, total run times vary from 10 minutes d

 The model syntax is given in black font below, comments are ind
FORTRAN specific function in blue. The output consists of 4 diff
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file containing all input values that are ‘REAL’ (i.e. they have decimals), one file containing all 
l 

imilar files that contain concentration profiles of all 
nction of capillary length. Usually at least 50 concentration 

 step (which may run into billions, e.g. “00033336667.jes”), instead of 
l points which are awkward for file names. Data evaluation is 
3.4), which can automatically pick up the 50 data files and 

CP-MS reactive transport simulation 

matrices; all are double precision C (16 digits) 

 VTOTAL(5),DMint,DMLint,DLint,DMLt1,DMLt2,HalfLife 

AL*8 DMt1,DM_kdis,DML_kdis,DM_Thalf,DML_Thalf 

kdiss(2),Ktot(2),kw,KIN 

1:5,0:15001),Mnode(15001) 

01) 

ITCH 

,0:15001) 

Min,Mout,Kwt,Kcu 

,Y,EVAL,Pe,Da(2) 

DEX,FRAMES,MODE 

ations 

apillary Lengh [cm] 

 

f Capillary Cross !Section 

[m2] 

] 

HNO3, 

23    !Avogadro's number 

parameters that are ‘INTEGERS’ (i.e. whole numbers), one file containing the velocities of al
species and finally an preset number of s

ecies inside the capillary, as a fusp
files are generated that give snapshots of the progressing CE separation. The files are given the 
name of the calculation
time, because time requires decima
one in MatLab (see Appendix A.d

weave them into an ‘.avi’ movie file. 
 

       PROGRAM CE-I

 

tialization of parameters and C Iini
 

  REAL*8 L,DIAMETER,PI,A,VSIPH,dT,dL,Tadv,VOLT,FS 

  REAL*8 D(5),EM(5),z(5),VTOT(5),VMAX,KKK,Dtot(5),CFL,kint(5) 

  REAL*8

  RE

  REAL*8 CONC(5),BCK,e,VOLspray,Vgas,TAUW,Dcrit,Tload 

  REAL*8 Mtot,Ltot,Kos,kform(2),

       REAL*8 COLDa(1:5,0:15001),CTEMPa(

       REAL*8 CNEWa(1:5,0:15001),MML(150

       REAL*8 CDM,CSCDM,OSCdamp,Tdamp,SW

(1:5  REAL*8 SS,ADV,DIFF,X,TT,CTEMPb

  REAL*8 Cfinal(1:5,0:1000000),H,

  REAL*8 TFF,RHO,Vsheath1,Vsheath2

  INTEGER I,J,K,M,N,O,Lstep,Tstep,IN

  CHARACTER NAME*10 

  CHARACTER(50) FILENAME 

 

       OPEN(UNIT=20,FILE="REAL.DAT") 

       OPEN(UNIT=21,FILE="INTEGER.DAT") 

  OPEN(UNIT=23,FILE="VTOTAL.DAT") 

 

C Defining all parameters for 1D advection calulat

 

  L=50     !C

  DIAMETER=50   !Capillaru Diamter [um]

       PI=3.14159265358979  !the number 'pi' 

       A=PI*((DIAMETER*1E-6/2)**2) !Surface Area o

  VOLT=10000    !CE high voltage [Volt] 

  FS=VOLT/L    !Field Strength [Volt/cm] 

  Tload=10    !Sample Plug Loading Time [sec] 

       VSIPH=0.15    !Siphoning Rate [cm/sec] 

  dT=0.0001    !Incremental Time Step [sec

       dL=1     !Incremental Length Step [cm] 

  e=2.71828182845904523  !natural exponent 

RHO=1000 !approximate density of 2% 

![kg/m3] 

  Vsheath1=10   !Sheath Flow Rate [uL/min[ 

  Vsheath2=1/(PI*((150E-6/2)**2))*100*Vsheath1*1E-9/60 !Sheath 

!Flow Rate  

      !conversion to [cm/sec] 

       Av=1E+
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  VOLspray=0.020   !Spray Chamber Volume [L] 

 TAUW=VOLspray/Vgas  !Residence/Reservoir Time [sec] 

 N=5     !the number of analyte species to 

EOF=0.15    !Electrosmotic Flow [cm/sec] 

!or negative (-1) 

  !Factor that determines simulation 

 

ction. Eval=2 

!indicates twice as long, so all !species 

are likely to be detected. 

!the number of movieframes (files) 

 !gas constant [J/mol/K] 

  !temperature [K] 

nt [C/mol] 

ity in capillary 

) 

al) 

 EM(3)=-5E-8   ![m2/V/sec] - EDTA (Owens etal) 

ge number of NdEDTA 

 number of EDTA 

 number of NdHA 

umber of HA 

gn 

 no 

)=0    !kinetic sign 

  !kinetic sign 

)=0    !kinetic sign 

 

!nodes before going to the next 

  Vgas=1.0/(60/dT)   !Nebulizer gas velocity [L/sec] 

 

 

!be tracked 

  

  MODE=+1    !CE high V mode positive(+!) mode 

       EVAL=2  

!run time 

      !Eval is tied to the fastest 

!analyte. Eval=1 only simulates up 

!to analyte 1 dete

  FRAMES=100    

  R=8.314   

  T=298.15  

  F=96490    !Faraday consta

  VMAX=2*VSIPH   !Center Line veloc

![cm/sec]  

 

C Start defining all analyte specific parameters 

C EM=Electrophoretic Mobility 

C z=charge of analyte 

C kint=kinetic sign indicating product (+) or reactant (-) 

 

  EM(1)=7E-8    ![m2/V/sec] - Nd (from CRC

  EM(2)=-1E-8   ![m2/V/sec] - NdEDTA (Owens et

 

  EM(4)=-5E-8   ![m2/V/sec] - NdHA (my experiments) 

 EM(5)=-5E-8   ![m2/V/sec] - HA (my experiments)  

 

 z(1)=+3    !charge number of Nd  

  z(2)=-1     !char

  z(3)=-4    !charge

rge  z(4)=-2    !cha

  z(5)=-2    !charge n

 

  kint(1)=+1    !kinetic si

  kint(2)=-1    !kinetic sign 

  kint(3)=+1    !kinetic sign 

  kint(4)=-1    !kinetic sign 

  kint(5)=+1    !kinetic sign 

 

KINETIC=1 !If set to '0' there will be

!chemical kinetics 

  IF(KINETIC.EQ.0)THEN 

   kint(1)=0   !kinetic sign  

    kint(2

   kint(3)=0  

    kint(4

    kint(5)=0    !kinetic sign 

F   ENDI

  EQUILIBRIUM=0   !If set to '1' include equilibrium

!reset of certain species at all 
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!incremental time step. 

ning kinetic constants for the formation of ML: M+L=ML 

 

calcualted from theory as the product of Couter-

s the rate of water loss constant kw C(see 

!M&H p.399 

!water loss constant for La3+ 

&H p.398 

!from SmLHA kinetic experiment, 

!see Chapter 4 

 formation constant for LnEDTA 

  !log Dissociation constant for H2O  

!(14 at IS=0) 

itial sample is in equilibration for all 5 analytes, Cthe 

tion needs to be an initial condition and can be 

QL 

EQUILIBRIUM COMPOSITION FOR ND, EDTA, HA. 

.42E-16    !Nd3+[mol/L] 

8    !Nd.EDTA[mol/L] 

-11    !EDTA3-[mol/L] 

CONC(4)=6.45E-8    !Nd.HA[mol/L] 

 !background conc. of all 

!into an array if necessary. 

Diffusion coefficient (D) from Einstein-Smulokowski 

icient (K) from Taylor's Analysis (see 

     D(I)=5E-10 

 GOTO 40 

 

C Defi

C For 3 species (M,L,ML) there is only 1 reaction. 

C For 5 species there are two reactions and kform(2) indicates Cformation

constant of 

C Reaction#2 

C Additionaly, kform can be 

sphere 

C complexation constant, Kos, time

Chapter 4). 

 

C  Kos=8.71E+6   

C  kw=1E+8        

C      kform(1)=Kos*kw 

   

  kform(1)=1E+10   !M

  kform(2)=8.8E+8   

   

  Ktot(1)=1.41E+19   !M&H

   

  kdiss(1)=kform(1)/Ktot(1) !through detailed balancing 

  kdiss(2)=5.31E-5   !from SmLHA kinetic experiment, 

!see Chapter 4 

   

  Kwt=1E-14  

 

C Because the in

equilibrium 

mposiC chemical co

Ccalculated with MINE

C MINEQL (ND3.DAT) 

   

  CONC(1)=3

 CONC(2)=2.23E-

.81E    CONC(3)=5

  

    CONC(5)=4.47E-5    !HA-[mol/L] 

 

BCK=0 

!analytes [mol/L]. Can be turned  

 

C Calculation of 

quation. Ce

C Calculation of Dispersion coeff

CChapter 3)  

C Calculating D, K and (D+K) with final units of [cm2/sec] 

C Calculating VTOT, the resultant velocity for all species N 

     

  DO 50 I=1,N 

    IF (z(I).EQ.0) THEN 

 

      DTOT(I)=(A*((VMAX/100)**2)/(192*D(I))+D(I))*10000 
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    ENDIF 

      D(I)=ABS(EM(I)*R*T/(z(I)*F))  !Diff Const [m2/sec] 

)+D(I))*10000 

,N 

IPH+MODE*FS*(EM(I)*10000)+MODE*EOF ![cm/sec] 

printing l parame

-VTOTAL(2))/(Tload*VSIPH)) 

dAdv)', Da(1), Da(2) 

h the initial conditions. 

 COLDa(I,J)=BCK 

writing all important parameters for MATLAB data evaluation to file 

22) L,DIAMETER,VOLT,Tload,VSIPH,dT,dL,RHO,Vsheath1, 

y,Vgas,TAUW,EOF,R,T,F,Tadv,FS 

OTAL(1),VTOTAL(2),VTOTAL(3),VTOTAL(4),VTOTAL(5) 

 FORMAT(22F12.5) 

p,FRAMES 

tive scheme. 

p) 

step 

dT 

         IF(K.LE.N)THEN 

           DTOT(I)=(A*((VMAX/100)**2)/(192*D(I)

  40   CONTINUE 

  50   CONTINUE 

 

  DO 60 I=1

    VTOTAL(I)=VS

  60   CONTINUE 

 

       Tadv=L/(VSIPH+MODE*EOF) 

  Lstep=L/dL 

       Tstep=Tadv/dT 

 

C Evaulating and contro ters: Courant Fredrichs Levy 

Ccondition 

C Peclet number (disperison vs advection) 

C Damkohler number (reaction vs advection) 

 

       CFL=VSIPH*dT/dL 

       Dcrit=DTOT(1)*dT/(dL**2) 

  PRINT*, 'CFL must be <1=', CFL 

  PRINT*, 'Dcrit must be  <0.5=', Dcrit 

  Pe=VTOTAL(3)*dL/DTOT(3) 

  Da(1)=kdiss(1)/(ABS(VTOTAL(3)

  Da(2)=kdiss(2)/(ABS(VTOTAL(4)-VTOTAL(1))/(Tload*VSIPH)) 

  PRINT*, 'Pe(Adv/Dif for L)', Pe 

  PRINT*, 'Da(kdiss/

 

C initialzing the different arrays wit

  DO 65 I=1,N 

         DO 75 J=0,(Lstep+1) 

  CNEWa(I,J)=0 

 

  CTEMPa(I,J)=BCK 

  CTEMPb(I,J)=BCK 

  75     CONTINUE 

  65   CONTINUE 

 

C 

 

       WRITE(20,

     $ Vsheath2,VOLspra

23) VT       WRITE(23,

  22  

  23   FORMAT(3F12.5) 

ste       WRITE(21,26) N,MODE,Lstep,T

  26   FORMAT(5I12) 

 

C start of Finite Difference Scheme: sample is loaded by setting J=-1 Cat 

C the CONC values. This node is then picked up in the advec

 

       DO 100 I=1,(EVAL*Tste

         DO 150 K=1,N 

      DO 160 J=1,L

Tload/        SS=
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      IF(I.LE.SS)THEN 

        COLDa(K,0)=CONC(K) 

        CTEMPa(K,0)=CONC(K) 

        CTEMPb(K,0)=CONC(K) 

              CNEWa(K,0)=CONC(K) 

              VTOT(K)=VSIPH  ![cm/sec] 

   !if switch is 0 here, then 

!no kinetics during sample  

!loading. 

 ELSEIF(I.GT.SS) THEN 

NDIF 

ference Scheme is treated in consecutive steps: 

 advection progresses 

(K,J-1)) 

   $   /2 

scheme: input=CTEMPa 

a(K,J+1)-2*CTEMPa(K,J)+CTEMPa(K,J- 

e second order!! 

   $  *CTEMPb(3,J))+(kdiss(2)*CTEMPb(4,J)-kform(2)*CTEMPb(1,J) 

5,J))) 

THEN 

   ELSEIF(K.EQ.3)THEN 

      KIN=dT*kint(K)*((kdiss(1)*CTEMPb(2,J)-kform(1)*CTEMPb(1,J) 

     $  *CTEMPb(3,J))) 

    ELSEIF(K.EQ.4)THEN 

      KIN=dT*kint(K)*((kdiss(2)*CTEMPb(4,J)-kform(2)*CTEMPb(1,J) 

              SWITCH=0

           

              COLDa(K,0)=0 

              CTEMPa(K,0)=0 

              CTEMPb(K,0)=0 

              CNEWa(K,0)=0 

              SWITCH=1   !switch=1 induces kinetics as 

!soon as kV on 

              VTOT(K)=VTOTAL(K) 

            ENDIF 

          E

 

C the Finite Dif

C 1st:

C 2nd: dispersion takes place 

C 3rd: kinetics take place 

  

C advective numerical scheme: two-step Lax Wendroff: input=COLDa 

    alpha=dT/dL*VTOT(K) 

    ADV=(COLDa(K,J+1)+COLDa(K,J))/2-alpha*(COLDa(K,J+1)- 

     $   COLDa(K,J)) 

     $   /2-(COLDa(K,J)+COLDa(K,J-1))/2+alpha*(COLDa(K,J)-COLDa

  

    CTEMPa(K,J)=COLDa(K,J)-ADV*alpha 

 

C diffusive numerical 

INUE  160      CONT

 

      DO 170 J=1,Lstep 

MP        DIFF=Dtot(K)*dT*((CTE

     $  1)))/(dL**2) 

        CTEMPb(K,J)=CTEMPa(K,J)+DIFF 

 170      CONTINUE 

 

C kinetic numerical scheme: note kinetics ar

 

       DO 180 J=1,Lstep 

         IF(K.EQ.1)THEN 

     KIN=dT*kint(K)*((kdiss(1)*CTEMPb(2,J)-kform(1)*CTEMPb(1,J)  

  

     $     *CTEMPb(

   ELSEIF(K.EQ.2) 

      KIN=dT*kint(K)*((kdiss(1)*CTEMPb(2,J)-kform(1)*CTEMPb(1,J) 

    $  *CTEMPb(3,J)))  
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     $  *CTEMPb(5,J))) 

    ELSEIF(K.EQ.5)THEN 

     KIN=dT*kint(K)*((kdiss(2)*CTEMPb(4,J)-kform(2)*CTEMPb(1,J) 

sometimes generated at the back of the 

NUE 

ion profiles (Conc as f(x)) to file at specified 

l be a movie frame that MATLAB can read. 

RAMES*P 

          WRITE(NAME,'(a1,i9.9)')'D',I 

lytes 

J)+CNEWa(2,J) 

1+Kcu*((Kwt/H)**2)) 

Wa(1,J) 

   ENDIF 

 

     $  *CTEMPb(5,J))) 

    ENDIF 

 

    CNEWa(K,J)=CTEMPb(K,J)+KIN*SWITCH 

 180   CONTINUE     !last Length DO LOOP closes 

 

 150    CONTINUE     !Species DO LOOP (K) closes 

 

C Numerical oscillations are 

C analyte concentration profiles. These are killed in the following loop when 

C they are still very small 

C Therefore they do not violate the analyte concentration mass balances. 

 

    DO 300 K=1,N 

         DO 305 M=1,Lstep 

        IF(ABS(CNEWa(K,M)).LT.(CONC(K)/1D10))THEN 

               CNEWa(K,M)=0 

        ENDIF 

 305       CONTINUE 

 300     CONTI

 

C writing the 1D advect

C timesteps. Each file wil

 

     DO 440 P=1,FRAMES 

       INDEX=(EVAL*Tstep)/F

EN        IF(I.EQ.INDEX)TH

   TIME=I*dT 

TIME, SWITCH          PRINT*, P, INDEX, 

         DO 450 M=0,Lstep 

          X=M*dL  

 

                WRITE(FILENAME,'(2a)') NAME,'.AES' 

        OPEN(UNIT=10,FILE=FILENAME) 

           MML(M)=CNEWa(1,M)+CNEWa(2,M)+CNEWa(4,M) 

       WRITE(10,905)X,CNEWa(1,M),CNEWa(2,M),CNEWa(3,M),CNEWa(4,M) 

     $     ,CNEWa(5,M),MML(M) 

 450          CONTINUE 

       ENDIF 

NTINUE  440      CO

  

tentially be used to let anaC Below is some code that can po

C equilibrate 

C at each incremental timestep; i.e. fast kinetics like acid base  

C reactions. 

        IF(EQUILIBRIUM.EQ.0)THEN C 

C      GOTO 550 

C    ELSEIF(EQUILIBRIUM.NE.0)THEN 

  DO 500 J=1,Lstep C 

C        Mnode(J)=CNEWa(1,

C        CNEWa(1,J)=Mnode(J)*1/(

ode(J)-CNEC        CNEWa(2,J)=Mn

500       CONTINUE C 

C 
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C 550     CONTINUE 

s is not done 

then it will always take the BVK value at Lstep+1, which is far worse 

n rly for COLDB(Lstep+1). This does not 

e equation which is only evaluated at C J. 

 the oscillations are killed (made pos) 

Lstep 

M)=ABS(CNEWa(K,M)) 

ep+1)=ABS(CNEWa(K,Lstep)) 

tep+1)=ABS(CNEWa(K,Lstep)) 

 code 

e the CE-ICP-MS separation 
atLab is an extremely 

 development of species concentration 
re gradient (laminar flow), the 

illary such that numerical problem can be dealt with, and (iii) the 
represents the ICP-MS detected metal species distribution. The model 

red. 

S-------------- 

ear all 

ith extension .jes 

C resetting the old array with the values from the 'just' 

C calculated new array. CTEMP=CNEWB is necessary as the Diff scheme 

 the only value that is not newly up- C asks for CTEMP(J+1), which is

C dated from the advection part (goes till J=Lstep). If thi

C 

C than taki g CNEWB(Lstep). Simila

 of thC apply to the kinetic part

Absolute values mean thatC 

 

    DO 505 K=1,N 

=1,         DO 510 M

        COLDa(K,

        COLDa(K,Lst

       CTEMPa(K,Ls 

 510       CONTINUE 

 505     CONTINUE 

 

 100   CONTINUE     !Time DO LOOP (I) closes 

 

 905   FORMAT(F9.3,1X,6E15.4) 

X,F10.6,1X,2E15.4)  910   FORMAT(I10,1

 915   FORMAT(F12.5,1X,E9.3) 

,1X,4E12.4,1X,F12.4)  916   FORMAT(F12.5

1000  CONTINUE 

     STOP   

       END 

 

 

C.4. MatLab visualization source

 
 visualizA MatLab data evaluation program was written to

simulations that were made with a FORTRAN model (Appendix A.3.3). M
powerful data processing software with visualization capabilities that go beyond simple plotting 
programs. The following code (below) was written in order to generate an animated video file 
(.avi format), showing all aspects of the CE simulation with just one ‘push of the button’. The 
minimal number of processes to be monitored are (i) the
profiles inside the capillary as they change by means of the pressu
electrical field and chemical reactions, (ii) the mass balance of species and components (total 
metal) inside the cap
electropherogram, which 
syntax is given in black font below and comments are indicated in 
 

%---------START OF MATLAB EVALUATION PROGRAM FOR CE SIMULATION

 

function visualization (); 

cl

clf 

set(gcf,'papertype','usletter');  

files = dir('*.jes');       %load all file names w

 

sz =size(files);            %create matrix with file names sz 

n_files = sz(1);            %count nr of rows in 'sz' 
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load REAL.DAT;              %loading the relevant simulation real parameters 

ta_mat1=REAL; 

   he relevant simulation integer 

oading the relevant simulation integer 

rameters 

(1,:);        % create 1D matrix (row) of real params 

ri (row of integer params 

matrix (row) of species velocity 

als(1,2);          %um  

1,3);              %volts 

         %sec 

         %cm/sec 

 = reals(1,6);                %sec 

= reals(1,15);                %gas constant 

2)^2);   %m2 

=1e+23;                       %Avogadro's number 

           %number of species (aka analytes) 

llary 

tep = integers(1,4);          %nr of incremental time steps 

 

step;            %total time of the simulation 

into  

step 

r k = 1:N 

da

asz_name = size(data_mat1); 

 

load INTEGER.DAT;        %loading t

parameters 

data_mat2=INTEGER; 

asz_name = size(data_mat2); 

 

load VTOTAL.DAT;            %l

pa

data_mat3=VTOTAL; 

asz_name = size(data_mat3); 

    

reals = data_mat1

integers = data_mat2(1,:);     % create 1D mat x ) 

vtotals = data_mat3(1,:);      % create 1D 

params 

 

%reals: 

Length = reals(1,1);            %cm 

DIAMETER = re

VOLT = reals(

Tload = reals(1,4);    

VSIPH = reals(1,5);    

dT

dL = reals(1,7);                %cm 

RHO = reals(1,8);               %g/cm3 

Vsheath1 = reals(1,9);          %cm/sec 

Vsheath2 = reals(1,10);         %cms/sec 

Lspray = reals(1,11);         %L VO

Vgas = reals(1,12);             %L/sec 

TAUW = reals(1,13);             %sec 

EOF = reals(1,14);              %cm/sec 

R 

TT = reals(1,16);               %degrees Kelvin 

= reals(1,17);                %Faraday constant F 

Tadv = reals(1,18);             %sec 

A = pi*((DIAMETER*1e-6/

FS = reals(1,19);               %CE Field Strength volt/m 

Av

 

%integers: 

N = integers(1,1);   

MODE = integers(1,2);           %high voltage is pos or neg at cap inlet 

Lstep = integers(1,3);          %nr of grid nodes along the CE capi

Ts

FRAMES = integers(1,5);         %nr of files (movie frames) 

T)/FRAMES;     %length of 1 single movie frame, secLframe = (Tstep*d

Tot_time = dT*T

 

ymax11=1e-80;                   %dummy parameter for y-axis issues 

 

%calculate factor that translates species concentration at cap end 

%nr of atoms being sprayed into the spray chamber during one time 

fo
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    Vtot(k) = vtotals(1,k); 

tot(k)/100*Lframe*A*RHO*((VSIPH+EOF)/Vsheath2)/Lframe*Av); 

e File----------------------------------------

i','compression','Indeo5','quality',100); 

s(i name  

e matric for name (1 10) 

mine nr of characters in name (10) 

cut out extention from filename 

me    

 ma ) 

c);  % get the time vector 

ngth vector 

ncentration of m (Sm) 

ncentration of ml1 (SmEDTA) 

     % concentration of l (EDTA) 

;    % concentration of ml2 (SmHA) 

     % concentration of l2 (HA) 

  mtot = d_vec(:,7);      % concentration of total m (Sm) 

  %vector containing frame 'times' 

to ;    %nr of parameters in the mtot vector 

grat  of concentration profiles--->mass balancing------     

dL/1 1000;        %volume (slice of cilinder) of 1 node 

  m_sum(i)=sum(m(:,end))*node_volume; 

(:,e )*node_volume; 

,end nod _volume; 

ll(: d)) ode_volume; 

(:,e )*node_volume; 

=su mtot end))*node_volume; 

egr ion profiles-------------------------------------     

------spray chamber model--------------------------------------------- 

01; %ICPMS transmission factor to account for ion loss 

  Ab_M = 0.15;             %Isotopic Abundance of metal 

   

m( g));   %concentration at last node (epg) 

ml pg))   %concentration at last node (epg) 

(l( g));   %concentration at last node (epg) 

 TFF *CDM(k,i)-TFF(k)*CDM(k,i)*(2.7183^(-1/TAUW)); 

    end 

CSCD DM(k U )  

    TFF(k) = abs(V

end 

 

-- art eating Movi%--------- St Cr

-     

    mov = avifile('paperplot_tst3.av

 

les for i = 1:n_fi

  % get the name (incl ext) of the file to load    name = file ). ; 

    sz_name = size(name);   % creat

 deter    sz_c = sz_name(2);      %

    mat = name(1:sz_c-4);   % 

     

    eval (['load ' na ';']) 

   eval (['d_vec = ' t ';'] 

    sz_name = size(mat); 

   sz_c = sz_name(2);  

    t_nr = mat(2:sz_    

    x = d_vec(:,1);         % le

    m = d_vec(:,2);         % co

3 ;      % co    ml = d_vec(:, )   

    l = d_vec(:,4);    

    mll = d_vec(:,5)    

   ll = d_vec(:,6);     

  

 

   t(i)=Lframe*i;         

    epg=length(m t)    

 

%------code for inte ion

 
    node_volume = A* 00*

     

  

    ml_sum(i)=sum(ml nd)

    l_sum(i)=sum(l(: ))* e

    mll_sum(i)=sum(m ,en *n

    ll_sum(i)=sum(ll nd)

    mtot_sum(i) m( (:,

%-------end int at of 

%-

    ICPMS_trans = 0.    

  

  

    CDM(1,i) = ( ep    

    CDM(2,i) = ( (e ;  

    CDM(3,i) = ep    

 

    for k=1:N 

 

      if i==1 

        CSCDM(k,i) = (k)

  

        M(k,i+1) = CSC ,i)*(1-1/TA W)+1/TAUW*CDM(k,i *TFF(k);

    end 
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    CSCDM_mtot(i) = (CSCDM(1,i)+CSCDM(2,i)+CSCDM(3,i) *ICPMS_trans*

     

-- --end spray chamber model---- ---- ----------- ----

) Ab_M; 

-- - -- - ------------------     

  kk=find(m==0);m(kk)=NaN; 

d(m<=1e-24);m(kk)=NaN; 

kk)=NaN; 

mll(kk)=NaN; 

 kk=find(ll==0);ll(kk)=NaN; 

  kk=find(ll<=1e-18);ll(kk)=NaN; 

tot(kk)=NaN; 

  kk=find(mtot<=1e-18);mtot(kk)=NaN; 

   kk=find(m<=max(m)/1000);m(kk)=NaN; 

   kk=find(mtot<=max(mtot)/1000);mtot(kk)=NaN; 

%---------------------------------------------------------------------------- 

%setting values for x and y-axis for all concentration plots, except Sm 

  if i==1 

      ymax2=max(ml); 

      ymin2=0; 

      xmax2=max(x); 

      xmin2=0;   

      ymax3=max(l); 

      ymin3=0; 

      xmax3=max(x); 

      xmin3=0;    

      ymax4=max(mtot); 

      ymin4=0; 

      xmax4=max(x); 

      xmin4=0; 

  end 

%------some dummy parameters (aa-ff) that set fontsize etc---------------- 

aa=0.5; 

bb=7;   %tick font 

cc=8;   %plot label font ([Sm] etc) 

dd=7;   %plot nr fonr (a) etc 

ee=1;   %adjustment on plot nr (a) etc 

ff=8;   %title font 

 

Plot_time(i) = Tot_time/n_files*i; 

%---------------------------------------------------------------------------- 

%    LEFT HAND PLOTS, showing analyte CONCENTRATION profiles 

%---------------------------------------------------------------------------- 

clf; %essential statement that clears the plot before the next movie image is 

plotted                        

    subplot(5,2,1);hold on;h=plot(x,m,'k');set(h,'linewidth',eval('aa')); 

     

      ymax1=1.1*max(m); %[M] concentrations tend to vary enormously, so plot 

1 needs 

%-

 

    % small numbers and negative numbers gave some plotting problems so it is 

    % easier to kill them by seeting them to NaN (not a number). 

     

  

%    kk=fin

    kk=find(m<=0);m(kk)=1e-30; 

    kk=find(ml==0);ml(

    kk=find(ml<=1e-18);ml(kk)=NaN; 

    kk=find(l==0);l(kk)=NaN; 

    kk=find(l<=1e-18);l(kk)=NaN; 

    kk=find(mll==0);

    kk=find(mll<=1e-18);mll(kk)=NaN; 

   

  

    kk=find(mtot==0);m

  

% 
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                        %a few lines of special commands to plot it properly 

    if isfinite(ymax1)==1  ymax111=ymax1;end; 

    if isfinite(ymax1)==0  ymax1=ymax111;end; 

      if ymax1 < ymax11 

        ymax1 = ymax11; 

      end 

      ymin1=0; 

      xmax1=max(x); 

      xmin1=0; 

  

   axis([xmin1 xmax1 ymin1 ymax1]); 

   ymax11 = ymax1; 

   ti , m t )  

c']},' ontsi ', '  

------ ---- -- - - - - -- -

  subp t(5, 3) = ( s e h' l

 axis xmin xm m )

  set( a,'f ts b  

  ylab ('Sm  [ n e '

------ ---- -- - - - - -- -

 subp t(5, 5) h t s n th a

  axis xmin xm m )

  set( a,'f ts b  

  ylab ('HA o s , )

------ ---- - - - - - -- -

  subp t(5, )

hhhh= ot(x o h ' , )

  axis xmin m m )

  set( a,'f s b  

  xlab (Dis c t ] e '

 ylab ('Sm o , t (

------ ---- - - - - - -- -

   RIG  HAN L g E l s SS A

   and lect ph P d

------ ---- -- - - - - -- -

 subp t(5, 2) i s '  

  ymax 1.2* x(

    ym 5=0;

    xm 5=Ts p*

    xm 5=0;

   

  axis xmin xm m )

set(gc 'fon iz '

  ylab ('Sm mo s , )

 titl ['Sp ie n ] ' )

------ ---- -- - - - - -- -

  subp t(5, 4) i _ k ;

  ymax 1.2* x(

    ym 6=0;

    xm 6=Ts p*

    xm 6=0;

   

 

 

    set(gca,'fontsize',eval('bb')) 

    ylabel('Sm [mol/L]','fontsize',eval('bb')) 

 tle({['Conc.  Time= ',nu 2str(round(Plot_ ime(i )),'

se f ze eval( cc'))

%- -- -- ----------- ---- ---------- ---------- ---- ---- --------- 

  lo 2, ;hold on;hh plot x,ml,'k'); et(hh,'lin widt ,eva ('aa')); 

   ([ 2 ax2 ymin2 y ax2] ; 

  gc on ize',eval(' b'))

  el HA mol/L]','fo tsiz ',eval('bb )) 

%- -- -- ----------- ---- ---------- ---------- ---- ---- --------- 

   lo 2, ;hold on;hh =plo (x,l,'k'); et(hhh,'li ewid ',ev l('aa')); 

  ([ 3 ax3 ymin3 y ax3] ; 

  gc on ize',eval(' b'))

  el  [m l/L]','font ize' eval('bb')  

%- -- --- ----------- ---- ---------- ---------- ---- ---- --------- 

  lo 2,7 ;hold 

on; pl ,mt t,'k');set( hhh, linewidth' eval('aa') ; 

  ([ 4 x ax4 ymin4 y ax4] ; 

  gc ont ize',eval(' b'))

  el tan e from Inle  [cm ','fontsiz ',eval('bb )) 

   el _{t t} [mol/L]' 'fon size',eval 'bb')) 

 

%- -- --- ----------- ---- ---------- ---------- ---- ---- --------- 

% HT D P OTS, showin  INT GRATED ana yte amount  (MA  BAL NCES) 

%  E ro erogram (IC -MS etection) 

%- -- -- ----------- ---- ---------- ---------- ---- ---- --------- 

   lo 2, ; plot(t(1: ),m_ um(1:i),'k );hold on;

 

  5= ma m_sum); 

  in  

  ax te dT; 

  in  

  

  ([ 5 ax5 ymin5 y ax5] ; 

  a, ts e',eval('bb )) 

  el  [ les]','font ize' eval('bb')  

   e( ec s Mass Bala ces' ,'fontsize ,eval('cc' ) 

%- -- -- ----------- ---- ---------- ---------- ---- ---- --------- 

  lo 2, ; plot(t(1: ),ml sum(1:i),' ');hold on  

 

  6= ma ml_sum); 

  in  

  ax te dT; 

  in  
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    axis [xmin xm m m )

set(gc 'fon iz '

 ylab ('Sm  [ n e '

------ ---- -- - - - - -- -

  subp t(5, 6) i s '  

 ymax 1.2* x(

    ym 7=0;

    xm 7=Ts p*

    xm 7=0;

     

    axis([xmin7 xmax7 ymin7 ymax7]); 

  set(gca,'fontsize',eval('bb')) 

    m ] ' l )

--------- -- ------ - - - -- -- ---------- 

  su lot( ,8 t m ) ; on; 

  ym 8=1. ax

    in8=

    ax8= ep

   in8=

     

  ax ([xm  x ]

set( a,'f si e

 yl el(' {t n l )

---- ---- -- - - - -- -- -

---- ---- to a - - --

---- ---- -- - - - -- -- -

  su lot( ,1 lot(t( C i )  o

 sub ot(5 10 S : ' d  

    ax9= *( SCDM_m : ;

   y in9=0

   x ax9=T p*

   x in9=0;

  

 axi [xmi xm )

set( a,'f si

 xla l('T  [ , )

yla el('^ 7} i b

   t le([  e ] ' ( ) 

text 0.1* x9 ^

ectr hero m' l

--- ---- -- - - - - -- -- -

  M getf e(

  mo = ad am

d 

v = ose( );

%----- --EN F N O S TI -- -

( 6 ax6 y in6 y ax6] ; 

  a, ts e',eval('bb )) 

   el HA moles]','fo tsiz ',eval('bb )) 

%- -- -- ----------- ---- ---------- ---------- ---- ---- --------- 

  lo 2, ; plot(t(1: ),l_ um(1:i),'k );hold on;

 

   7= ma l_sum); 

  in  

  ax te dT; 

  in  

ylabel('HA [ oles ','fontsize ,eva ('bb' ) 

%-- --- ----- ----- ---------- ----- ----- --- ----

  bp 5,2 ); plot(t(1:i),m ot_su (1:i ,'k') hold 

 

  ax 2*m (mtot_sum); 

  ym 0; 

  xm Tst *dT; 

   xm 0; 

  is in8 max8 ymin8 ymax8 ); 

  gc ont ze', val('bb')) 

   ab Sm_ ot} [moles]','fo tsize',eva ('bb' ) 

%- -- --- ---------------- ---------- ----- ----- --- ---- --------- 

%- -- --M t Electropherogr m--------- ----- -----  

%- -- --- ---------------- ---------- ----- ----- --- ---- --------- 

% bp 5,2 0); p 1:i), DM_mtot(1: ),'k' ;hold n; 

  pl ,2, ); plot(t(1:i),C CDM_mtot(1 i),'k );hol on;

 

  ym 1 3. max(C tot(1 i))+1e-18)  

  m ;

s e

 

  m t dT  ;

  m  

  

  s( n9 ax9 ymin9 ymax9] ; 

  gc ont ze',eval('bb')) 

  be ime sec]','fontsize' eval('bb')  

   b {14 Sm [cps]','fonts ze',eval(' b')) 

% it 'Sm lectropherogram' ,'fontsize ,eval 'cc')

h= (( xma ),(0.8*ymax9),[' {147}Sm 

el op gra ],'fontsize',eva ('cc')); 

%-- -- --- ---------------- ----- ---- ----- ----- --- ---- ------- 

  = ram gcf); 

  v dfr e(mov,M);   

en

 

mo cl mov  

 
-- D O MATLAB EVALUATIO  PROGRAM F R CE IMULA ONS ---- ------- 

 

 122



 
C.5. ORCHESTRA syntax 

 
This A endi nt he ORC e en n e  

eciat n and an ) a TRA all e bi n  latest 
ulti-c pon a o d i C u imensional physical 

transpo models. In H m pr ine i
 calle  obje w e stored   s  c e) and are fully user 
finab . The ORCHESTRA soft object database can be downloaded from: 
tp://www.meeussen.nl/orchestra/

pp x co ains the syntax for t HESTRA (Object R pres tatio of Ch mical
Sp io  Tr sport Models  softw re. ORCHES ows th  com natio  of the
m om ent dsorpti n mo els ( .e. NI A-Donnan) with m lti-d

rt  ORC ESTRA models can be co posed from edef d bu lding blocks, 
so d cts, hich ar  in an object databa e (not in sour e cod
de le ware, including the 
ht
 An ORCHESTRA problem is defined in two separate text files within the software: (i) 
Chemistry.inp which let’s the user define the aquatic chemistry problem and (ii) Input.dat which 
specifies the values for input variables (concentrations). One simple but powerful feature is that 
input values can be varied over a user definable range by means of ‘sweep loop’ that bear 
similarity to ‘DO loops’ or ‘for loops’ in respectively FORTRAN and C++. These sweep loops 
can be nested, such that any number of variable can be evaluated simulataneously. Given below 
is the syntax for the Chemistry.inp and Input.dat files that were used to optimize the NICA-
Donnan binding constants for Nd. The model syntax is given in black font and comments are 
indicated in red. 
 
C.5.1. CHEMISTRY.INP 
@include objects2003.txt 

 

@Class: AllDonnanSpecies(){} 

@Class: species(name, charge){ 

   @entity(<name>, diss, 1) 

   @calc_conc_with_davies(<name>, <charge>)  

   @append: AllDonnanSpecies(){ 

      @donnanspecies(don_<name>, donnan, <name>, <charge>) 

   } 

} 

//--------------------------------------------------------------------------- 

// Define a total, a liter, a dissolved and a total adsorbed phase.  

// The dissolved phase is linked to the total phase via the variable 

//"watervolume". 

// The mass balances in the diss phase (<entity>.diss.sum) are in mol/l and 

//in the total phase in mol 

//--------------------------------------------------------------------------- 

@phase(tot) 

@Var: watervolume 1            // total volume of solution 

@phase(liter, tot, watervolume) 

@phase(ads, liter, 1) 

@Var: watervolume2 1         // is total water volume minus donnan volume 

@phase(diss, liter, watervolume2) 

 

@entity(H2O, diss, 1, 55) 

@Uneq: watervolume2 .5 H2O.liter.sum 55  1e-3 1e-6 

 

@append: AllDonnanSpecies(){ 

   @entity(don_H2O, donnan, 1, 55) 

   @link(don_H2O, H2O, 1) 

} 
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//---------------------------------------------------------------------------

@Var: nr_iter      1   // Create a variable for number of iterations required 

@Var: watervolume  1          

@davies()                    // Calculated ionic strength with Davies equation 
 

@Var: pH  7.14                

@Calc:(1,"H+.act=10^-pH") 

 

@c mponent(H+, 1

@component(NO3-, -1) 

@component(Na+, 1) 

@component(Nd3+, 3) 

@component(EDTA4-, -4) 

 

@Uneq: [ min: 0 max: 1 ] NO3-.act 1e-2 NO3-.diss.sum 1e-1 1e-8 1e-15 

@Uneq: [ min: 0 max: 1 ] Na+.act 1e-2 Na+.diss.sum 1e-1 1e-8 1e-15 

@Uneq: Nd3+.act    1e-7    Nd3+.tot.sum    1e-7    1e-8      1e-15  

@Uneq: EDTA4-.act    1e-7    EDTA4-.diss.sum    5e-7    1e-8      1e-15  

 

//--------------------------------------------------------------------------- 

// Aqueous Species 

// -------------------------------------------------------------------------- 

@species(OH-,  -1) 

@reaction(OH-, 1e-14, -1, H+) 

 

@species(HEDTA3-, 1.31826e11, -3, 1, H+, 1, EDTA4-) 

@species(H2EDTA2-, 6.30957e17, -2, 2, H+, 1, EDTA4-) 

@species(H3EDTA-, 1.09648e21, -1, 3, H+, 1, EDTA4-) 

@species(H4EDTA, 5.75440e23, 0, 4, H+, 1, EDTA4-) 

 

@species(NdEDTA-, 1.41254e19, -1, 1, EDTA4-, 1, Nd3+) 

@species(NdOH2+, 1.0000e8, 2, 1 ,OH-, 1, Nd3+) 

@species(NdHEDTA, 2.39883e21, 0, 1, EDTA4-, 1, Nd3+, 1, H+) 

 

//--------------------------------------------------------------------------- 

// We now define an adsorbing surface LHA, that is part of (linked to) the 

//total 

// adsorbed phase via the variable PPHA.kg/l. 

// Mass balance units in this phase are in moles/kg. 

//--------------------------------------------------------------------------- 

 

@Var: LHAkgl 1e-6 

@Var: LHAkgl_2 1e-6 

@Calc:(1,"LHAkgl_2=LHAkgl*watervolume/watervolume2") 

@phase(LHA, ads, LHAkgl) 

@Var: DonnanVolume 1.5  // The Donnan volume + default value 

@Var: b 0.49  //HA: 0.49; FA: 0.57 

@Calc:(1,"DonnanVolume = 10^(b*(1-log10(I))-1)") 

 

@phase(donnan, LHA, DonnanVolume)  

@entity(donnan, LHA, 0)         

@Uneq:  donnan.act .1 donnan.LHA.sum 0 1e-5 1e-6 

//--------------------------------------------------------------------------- 

// Donnan Species 

// -------------------------------------------------------------------------- 

 

o ) 
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@AllDonnanSpecies() 

 

@Var: p1 0.62  //HA: 0.62; FA: 0.59 

@Var: p2 0.42  //HA: 0.42; FA: 0.70 

@Var: Q1 3.15  //HA: 3.15; FA: 5.88 

@Var: Q2 2.55  //HA: 2.55; FA: 1.86 

 

//-----------(name, surface, donnan phase, p, mol sites/kg) 

@nicasite(nic1, LHA, donnan, p1, Q1)  

@nicasite(nic2, LHA, donnan, p2, Q2) 

 

@Var: logKh1 2.93  //HA: 2.93; FA: 2.34 

@Var: logKh2 8.00  //HA: 8.00; FA: 8.60 

@Var: logKnd1 -1 

@Var: logKnd2 6 

@Var: m1 0.50  //HA: 0.50; FA: 0.38   

@Var: m2 0.26  //HA: 0.26; FA: 0.53 

@Var: n1 0.81  //HA: 0.81; FA: 0.66 

@Var: n2 0.63  //HA: 0.63; FA: 0.76 

@Var: n1nd 0.46  //Default: 0.49 

@Var: n2nd 0.35  //Default: 0.37 

@Var: nH1 0 

@Var: nH2 0 

@Calc:(1,"nH1=m1/p1") 

@Calc:(1,"nH2=m2/p2") 

 

//----------- (name,    site,  ion,    n,       nH,   logK)------- 

@nicaspecies(nic1-H,  nic1,  don_H+,  n1,  nH1,  logKh1) 

//@nicaspecies(nic1-Ca, nic1,  don_Ca2+, 0.539,  0.869, -2) 

@nicaspecies(nic1-Nd, nic1,  don_Nd3+, n1nd,  nH1,  logKnd1) 

 

@nicaspecies(nic2-H,  nic2,  don_H+,  n2,    nH2,   logKh2) 

//@nicaspecies(nic2-Ca, nic2,  don_Ca2+, 0.265,    0.594,  -2.11) 

@nicaspecies(nic2-Nd, nic2,  don_Nd3+, n2nd,    nH2,   logKnd2) 

 

//---------------------------------------------------------------- 

 

//calculate the amount of Nd inthe Donnan Gel phase in mol/L 

@Var: Nd_DonGel 1e-10 

@Calc:(2,"Nd_DonGel = LHAkgl_2*DonnanVolume*don_Nd3+.con") 

 

//Caclulate the relative distribution of Nd over NICA site 1 and site 2 

@Var: Ndsite1 1e-10 

@Var: Ndsite2 1e-10 

@Calc:(2,"Ndsite1 = nic1-Nd.con/(nic1-Nd.con + nic2-Nd.con)*100") 

@Calc:(2,"Ndsite2 = nic2-Nd.con/(nic1-Nd.con + nic2-Nd.con)*100") 

 

//calculate the amount of Nd bound to COOH and pH-OH sites in mol/L 

@Var: %NdEDTA 1 

@Var: %NdHA 1 

@Calc:(3,"%NdEDTA = NdEDTA-.con/((nic1-Nd.con*Q1+nic2-

Nd.con*Q2)*LHAkgl_2*watervolume2+NdEDTA-.con+Nd_DonGel)*100") 

@Calc:(3,"%NdHA = ((nic1-Nd.con*Q1+nic2-

Nd.con*Q2)*LHAkgl_2*watervolume2+Nd_DonGel)/((nic1-Nd.con*Q1+nic2-

Nd.con*Q2)*LHAkgl_2*watervolume2+NdEDTA-.con+Nd_DonGel)*100") 
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C.5.2. INPUT.DAT 
@Var: nr_iter  1 

@Var: I   0 

@Var: pH  7 

@Var: NdEDTA-.k  8.77e18 

@Var: n1nd 0.578 //Default: 0.5

@Var: n2nd 0.439 //Default: 0.446 

@Var: logKnd1  2.6 

@Var: 

Var: EDTA4-.diss.sum 5e-7 

@Var: 

Var: H+.con  0 

@Var: 

@Var: nic2-H.con  0 

Var: Nd3+.con  0 

@Var: 

Var: 

 

@Var: 

@Var: nic2-Nd.con  0 

Var: +.act 0  

@Var: 

 

Var: 

@Var: 

@Var:  0 

Var:  1 

@Var: 

@Var: 

Var: DonnanVolume 1 

Var:   Nd3+.tot.sum NdEDTA-.k EDTA4-.diss.sum LHAkgl 

 Na+.diss.sum NO3-.diss.sum pH  logKnd1 logKnd2  

87 

@Var: logKnd2  6 

@Var: LHAkgl  1e-6 

Nd3+.tot.sum 1e-7 

@

@Var: Na+.diss.sum 1e-1 

@Var: NO3-.diss.sum 1e-1 

 

//state variables for protons 

 

don_H+.act  0 

@

@Var: H+.act  0 

@Var: H+.ads.sum  0 

nic1-H.con  0 

 

 

//state variables for Nd 

 

@

@Var: NdEDTA-.con  0 

NdEDTA-.act  0 

NdHEDTA.con  0 @

@Var: Nd3+.ads.sum 0 

@Var: Nd_DonGel  0 

nic1-Nd.con  0 

don_Nd3@

@Var: don_Nd3+.con 0 

@Var: Ndsite1  0 

Ndsite2  0 

EDTA4-.con  0 @

 

 

nic1.act  0 

nic2.act 

%NdEDTA @

@Var: %NdHA   1 

@Var: Nd_HA   1 

watervolume  1 

watervolume2 1 

@
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t: 8.685E-08 1.422e19 4.587869E-07 9.518953E-06

1.00E-01 1.00E-01 9  2.6 7  

Defaul

 

//the 

//experimental range. 

 

 Swept: logKnd2 8 10 lin 

 

 

 

 

 

 

 

//The following sweep loops vary logKnd1 and logKnd2 over a large range for 

pH values 6 and 9, which represent the upper boundaries of the 

 

Sweep: 50 

 Swept: logKnd1 1 3 lin  

Sweep: 50 

 

  Sweep: 2 

   Swept: pH 6 9 lin 

 } 

} 

}

 

@include: output.dat 
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 ffer H-activity fNd.EDTA fNd.LHA Nd.EDTA Nd.LHA 

 
APPENDIX D 

SOLUTION COMPOSITIONS 

 
Summary of Leonardite humic acid experiments. Concentrations in mol.L-1, except HA in kg.L-1. 

nominal pH nominal IS Nd(tot) EDTA(tot) LHA(tot) Na(tot) NO3(tot) Bu

La 6 0 1 9 02E-08 4 59E-07 9 52E-06 1 01E-01 9 26E-02 1 02E-02 1 35E-06 0 010 0 990 9 02E-10 8 93E-08
Ce 6 0.1 8.94E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06 0.043 0.957 3.86E-09 8.56E-08
Pr 6 0.1 8.89E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06 0.132 0.868 1.18E-08 7.71E-08

6 0.1 8.69E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06 0.215 0.785 1.87E-08 6.81E-08
6 0.1 8.33E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06 0.353 0.647 2.94E-08 5.39E-08
6 0.1 8.24E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06 0.383 0.617 3.16E-08 5.08E-08
6 0.1 7.97E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06 0.418 0.582 3.33E-08 4.64E-08
6 0.1 

Nd 
Sm 
Eu 
Gd 
Tb 7.88E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06 0.463 0.537 3.65E-08 4.23E-08
Dy 7.71E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06 0.631 0.369 4.86E-08 2.85E-08

 6 0.1 7.60E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06 0.695 0.305 5.28E-08 2.32E-08
6 0.1 

Ho
Er 6 0.1 7.49E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06   
Tm 6 0.1 7.42E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06 0.821 0.179 6.08E-08 1.33E-08
Yb 6 0.1 7.24E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06   

6 0.1 7.16E-08 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06 0.840 0.160 6.01E-08 1.15E-08
6 0.1 2.79E-07 4.59E-07 9.52E-06 1.01E-01 9.26E-02 1.02E-02 1.35E-06   
6 0.1 1.41E-07 4.59E-07 9.52E-06
7 0.01 9.02E-08 4.59E-07 9.52E-06

Lu 
Sc 
Y 1.01E-01 9.26E-02 1.02E-02 1.35E-06 0.675 0.325 9.51E-08 4.58E-08

 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.069 0.931 6.21E-09 8.40E-08La
Ce 7 0.01 8.94E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.154 0.846 1.38E-08 7.57E-08
Pr 7 0.01 8.89E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.206 0.794 1.83E-08 7.06E-08
Nd 7 0.01 8.69E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.260 0.740 2.26E-08 6.43E-08

7 0.01 8.33E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.340 0.660 2.83E-08 5.50E-08
7 0.01 8.24E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.482 0.518 3.97E-08 4.27E-08
7 0.01 7.97E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07
7 0.01 7.88E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07

Sm 
Eu 
Gd 0.522 0.478 4.16E-08 3.81E-08

 0.610 0.390 4.81E-08 3.08E-08Tb
Dy 7 0.01 7.71E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.678 0.322 5.23E-08 2.48E-08
Ho 7 0.01 7.60E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.751 0.249 5.71E-08 1.89E-08
Er 7 0.01 7.49E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.745 0.255 5.58E-08 1.91E-08
Tm 7 0.01 7.42E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.741 0.259 5.49E-08 1.92E-08

7 0.01 7.24E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.767 0.233 5.55E-08 1.69E-08
7 0.01 7.16E-08 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.760 0.240 5.44E-08 1.72E-08
7 0.01 2.79E-07 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.425 0.575 1.18E-07 1.60E-07
7 0.01 1.41E-07 4.59E-07 9.52E-06 1.07E-02 7.85E-03 9.83E-03 1.04E-07 0.713 0.287 1.00E-07 4.04E-08
7 0.1 9.02E-08 

0.1 8.94E-08 

Yb 
Lu 
Sc 
Y 
La 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.023 0.977 2.09E-09 8.81E-08

 7 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.066 0.934 5.91E-09 8.35E-08Ce
Pr 7 0.1 8.89E-08 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.124 0.876 1.11E-08 7.78E-08

Gd 
Tb 
D

Nd 7 0.1 8.69E-08 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.253 0.747 2.20E-08 6.48E-08
Sm 7 0.1 8.33E-08 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.372 0.628 3.10E-08 5.23E-08
Eu 7 0.1 8.24E-08 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.333 0.667 2.75E-08 5.50E-08

7 0.1 7.97E-08 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.393 0.607 3.13E-08 4.83E-08
7 0.1 7.88E-08 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.577 0.423 4.55E-08 3.34E-08

y 59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.636 0.364 4.91E-08 2.80E-08
 7 E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.789 0.211 6.00E-08 1.60E-08

7 0.1 7.71E-08 4.
0.1 7.60E-08 4.59Ho

Er 7 0.1 7.49E-08 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.828 0.172 6.20E-08 1.29E-08
Tm 7 0.1 7.42E-08 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.853 0.147 6.33E-08 1.09E-08
Yb 7 0.1 7.24E-08 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.882 0.118 6.38E-08 8.56E-09

7 0.1 7.16E-08 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.882 0.118 6.32E-08 8.44E-09
7 0.1 2.79E-07 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.551 0.449 1.54E-07 1.25E-07
7 0.1 1.41E-07 4.59E-07 9.52E-06 1.01E-01 9.78E-02 9.15E-03 1.01E-07 0.722 0.278 1.02E-07 3.92E-08
8 0.1 9.02E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.108 0.892 9.76E-09 8.04E-08
8 0.1 8.94E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.179 0.

Lu 
Sc 
Y 
La 
Ce 821 1.60E-08 7.34E-08
Pr 758 2.16E-08 6.74E-08

 8 0.1 8.69E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.306 0.694 2.66E-08 6.03E-08

Tb 
D

8 0.1 8.89E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.242 0.
Nd
Sm 8 0.1 8.33E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.394 0.606 3.29E-08 5.05E-08
Eu 8 0.1 8.24E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.410 0.590 3.38E-08 4.87E-08
Gd 8 0.1 7.97E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.458 0.542 3.65E-08 4.32E-08

8 0.1 7.88E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.528 0.472 4.16E-08 3.72E-08
y 

Ho 1E-08 0.628 0.372 4.77E-08 2.83E-08
8 0.1 7.71E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.598 0.402 4.61E-08 3.10E-08
8 0.1 7.60E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.2

Er 8 E-08 0.670 0.330 5.02E-08 2.47E-08
 8 0.1 7.42E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.667 0.333 4.95E-08 2.47E-08

b 8 0.1 7.24E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.675 0.325 4.88E-08 2.36E-08
Lu 8 0.1 7.16E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.682 0.318 4.88E-08 2.28E-08
Sc 8 0.1 2.79E-07 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.326 0.674 9.09E-08 1.88E-07
Y 8 0.1 1.41E-07 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21E-08 0.672 0.328 9.47E-08 4.62E-08
La 9 0.1 9.02E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.078 0.922 7.02E-09 8.32E-08

0.1 7.49E-08 4.59E-07 9.52E-06 9.34E-02 8.52E-02 1.02E-02 1.21
Tm
Y
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Ce 9 0 1 8 94E 08 4 59E 07 9 52E 06 7 21E 02 7 36E 02 1 03E 02 1 42E 09 0 119 0 881 1 06E 08 7 88E 08
Pr 9 0.1 8.89E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.139 0.861 1.24E-08 7.66E-08

9 0.1 8.69E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.199 0.801 1.73E-08 6.95E-08
9 0.1 8.33E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.208 0.792 1.74E-08 6.60E-08

9 

Nd 
Sm 
Eu 9 0.1 8.24E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.322 0.678 2.66E-08 5.59E-08

 0.1 7.97E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.427 0.573 3.40E-08 4.56E-08
 9 0.1 7.88E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.385 0.615 3.03E-08 4.85E-08

Gd
Tb
Dy 9 0.1 7.71E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.348 0.652 2.69E-08 5.02E-08
Ho 9 0.1 7.60E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.385 0.615 2.92E-08 4.67E-08
Er 9 0.1 7.49E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.406 0.594 3.04E-08 4.45E-08

9 0.1 7.42E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.414 0.586 3.07E-08 4.34E-08
9 0.1 7.24E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.490 0.510 3.55E-08 3.69E-08
9 0.1 7.16E-08 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.47
9 0.1 2.79E-07 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.17

Tm 
Yb 
Lu 7 0.523 3.42E-08 3.74E-08

 8 0.822 4.97E-08 2.29E-07
0.1 1.41E-07 4.59E-07 9.52E-06 7.21E-02 7.36E-02 1.03E-02 1.42E-09 0.405 0.595 5.71E-08 8.38E-08

Sc
Y 9 

 
ry of Suwannee river fulvic acid experiments. All concentrations in mol.LSumma

in kg.L-

 nominal pH nominal IS Nd(tot) EDTA(tot) LHA(tot) Na(tot) NO3(tot) pH-activity Buffer fNd.EDTA fNd.LHA Nd.EDTA Nd.LHA 

-1, except LHA 
1. 

Tm 5 0.1 7.20E-08 1.31E-07 1.83E-05 9.63E-02 9.55E-02 1.40E-05 9.55E-03 0.959 0.041 6.91E-08 2.98E-09 
Yb 5 0.1 7.03E-08 1.31E-07 1.83E-05 9.63E-02 9.55E-02 1.40E-05 9.55E-03 0.980 0.020 6.89E-08 1.43E-09 
Lu 5 0.1 6.96E-08 1.31E-07 1.83E-05 9.63E-02 9.55E-02 1.40E-05 9.55E-03 0.987 0.013 6.87E-08 8.81E-10 

5 0.1 2.71E-07 1.31E-07 1.83E-05 9.63E-02 9.55E-02 1.40E-05 9.55E-03     
5 0.1 1.37E-07 1.31E-07 1.83E-05 9.63E-02 9.55E-02 1.40E-05 9.55E-03     
6 0.1 8.76E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-
6 0.1 8.69E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-

Sc 
Y 
La 02 1.35E-06 9.91E-03 0.033 0.967 2.86E-09 8.47E-08 

 02 1.35E-06 9.91E-03 0.169 0.831 1.47E-08 7.22E-08 
 6 0.1 8.64E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 0.286 0.714 2.47E-08 6.17E-08 

Gd 
Tb 0.779 0.221 5.96E-08 1.70E-08 

y 0.877 0.123 6.56E-08 9.25E-09 
 6 0.1 7.38E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 0.891 0.109 6.58E-08 8.02E-09 

Lu 
Sc 
Y 37E-07 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 0.761 0.239 1.04E-07 3.28E-08 

 96E-08 1.34E-07 9.80E-06 1.06E-02 7.76E-03 9.33E-08 9.73E-03 0.380 0.620 3.79E-08 6.17E-08 
 7 0.01 1.13E-07 1.34E-07 9.79E-06 1.06E-02 7.76E-03 1.04E-07 9.73E-03 0.422 0.578 4.75E-08 6.51E-08 

Eu 
 
              

Tm 
Yb 
Lu 0.054 6.78E-08 3.85E-09 
La 7 0.1 8.76E-08 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.143 0.857 1.26E-08 7.51E-08 

Sm 
Eu 
Gd E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.857 0.143 6.63E-08 1.11E-08 

 E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.926 0.074 7.09E-08 5.66E-09 
 7 0.1 7.49E-08 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.952 0.048 7.13E-08 3.57E-09 

Yb 58E-10 
 66E-10 
 7 0.1 2.71E-07 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03     

Pr 4.25E-08 4.39E-08 
 4.92E-08 3.52E-08 
 8 0.09 8.09E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.649 0.351 5.25E-08 2.84E-08 

Tb 
Dy 
Ho 38E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.871 0.129 6.43E-08 9.52E-09 

 28E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.881 0.119 6.41E-08 8.66E-09 
 8 0.09 7.20E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.891 0.109 6.42E-08 7.86E-09 
 8 0.09 7.03E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.907 0.093 6.38E-08 6.51E-09 

Lu 8 0.09 6.96E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.833 0.167 5.79E-08 1.16E-08 
Sc 8 0.09 2.71E-07 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.355 0.645 9.61E-08 1.75E-07 
Y 8 0.09 1.37E-07 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.759 0.241 1.04E-07 3.30E-08 

Ce
Pr
Nd 6 0.1 8.44E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 0.316 0.684 2.67E-08 5.77E-08 
Sm 6 0.1 8.09E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 0.346 0.654 2.80E-08 5.29E-08 
Eu 6 0.1 8.01E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 0.526 0.474 4.22E-08 3.79E-08 

6 0.1 7.74E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 0.676 0.324 5.23E-08 2.51E-08 
6 0.1 7.66E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 
6 0.1 7.49E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 D

Ho
Er 6 0.1 7.28E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 0.898 0.102 6.54E-08 7.39E-09 
Tm 6 0.1 7.20E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 0.925 0.075 6.66E-08 5.41E-09 
Yb 6 0.1 7.03E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 0.937 0.063 6.59E-08 4.45E-09 

6 0.1 6.96E-08 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 0.954 0.046 6.63E-08 3.20E-09 
6 0.1 2.71E-07 1.31E-07 1.83E-05 9.80E-02 8.99E-02 1.35E-06 9.91E-03 0.673 0.327 1.82E-07 8.84E-08 
6 0.1 1.
7 0.01 9.La

Ce
Pr 7 0.01 1.09E-07 1.34E-07 9.80E-06 1.06E-02 7.76E-03 1.04E-07 9.73E-03 0.572 0.428 6.22E-08 4.66E-08 
Nd 7 0.01 1.11E-07 1.34E-07 9.79E-06 1.06E-02 7.76E-03 1.04E-07 9.73E-03 0.607 0.393 6.73E-08 4.36E-08 
Sm 7 0.01 9.93E-08 1.34E-07 9.80E-06 1.06E-02 7.76E-03 1.04E-07 9.73E-03 0.698 0.302 6.93E-08 3.00E-08 

7 0.01 9.36E-08 1.34E-07 9.80E-06 1.06E-02 7.76E-03 1.04E-07 9.73E-03 0.740 0.260 6.93E-08 2.43E-08 
             Gd

Tb
Dy 7 0.01 9.18E-08 1.34E-07 9.80E-06 1.06E-02 7.76E-03 1.04E-07 9.73E-03 0.873 0.127 8.01E-08 1.17E-08 
Ho              
Er              

             
7 0.01 8.94E-08 1.34E-07 9.80E-06 1.06E-02 7.76E-03 1.04E-07 9.73E-03 0.894 0.106 7.99E-08 9.46E-09 
7 0.01 7.17E-08 1.34E-07 9.80E-06 1.06E-02 7.76E-03 1.04E-07 9.73E-03 0.946 

Ce 7 0.1 8.69E-08 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.569 0.431 4.94E-08 3.74E-08 
Pr 7 0.1 8.64E-08 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.679 0.321 5.87E-08 2.77E-08 
Nd 7 0.1 8.44E-08 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.688 0.312 5.80E-08 2.64E-08 

7 0.1 8.09E-08 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.796 0.204 6.44E-08 1.65E-08 
7 0.1 8.01E-08 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.833 0.167 6.67E-08 1.34E-08 
7 0.1 7.74E-08 1.31
7 0.1 7.66E-08 1.31Tb

Dy
Ho 7 0.1 7.38E-08 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.976 0.024 7.20E-08 1.77E-09 
Er 7 0.1 7.28E-08 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03     
Tm 7 0.1 7.20E-08 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.984 0.016 7.09E-08 1.16E-09 

7 0.1 7.03E-08 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.993 0.007 6.99E-08 4.
7 0.1 6.96E-08 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03 0.995 0.005 6.92E-08 3.Lu

Sc
Y 7 0.1 1.37E-07 1.31E-07 1.83E-05 9.77E-02 9.50E-02 1.01E-07 8.89E-03     
La 8 0.09 8.76E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.153 0.847 1.34E-08 7.42E-08 
Ce 8 0.09 8.69E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.491 0.509 4.26E-08 4.42E-08 

8 0.09 8.64E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.492 0.508 
8 0.09 8.44E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.583 0.417 Nd

Sm
Eu 8 0.09 8.01E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.743 0.257 5.95E-08 2.06E-08 
Gd 8 0.09 7.74E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.757 0.243 5.86E-08 1.88E-08 

8 0.09 7.66E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.809 0.191 6.19E-08 1.47E-08 
8 0.09 7.49E-08 1.31E-07 1.83E-05 9.07E-02 8.27E-02 1.21E-08 9.89E-03 0.833 0.167 6.24E-08 1.25E-08 
8 0.09 7.
8 0.09 7.Er

Tm
Yb
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La 9 0.07 8.76E-08 1.31E-07 1.83E-05 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.227 0.773 1.99E-08 6.77E-08 
Ce 9 0.07 8.69E-08 1.31E-07 1.83E-05 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.273 0.727 2.37E-08 6.31E-08 

9 0.07 8.64E-08 1.31E-07 1.83E-05 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.317 0.683 2.73E-08 5.90E-08 
9 0.07 8.44E-08 1.31E-07 1.83E-05 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.327 0.673 2.76E-08 5.68E-08 
9 0.07 8.09E-08 1.31E-07 1.83E-05 7.00E-02 7.15E-02
9 0.07 8.01E-08 1.31E-07 1.83E-05 7.00E-02 7.15E-02

Pr 
Nd 
Sm  1.42E-09 1.00E-02 0.535 0.465 4.33E-08 3.76E-08 

  1.42E-09 1.00E-02     
 9 0.07 7.74E-08 1.31E-07 1.83E-05 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.390 0.610 3.02E-08 4.72E-08 

Er 
Tm 
Yb 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.843 0.157 5.93E-08 1.10E-08 

 E-02 7.15E-02 1.42E-09 1.00E-02 0.842 0.158 5.85E-08 1.10E-08 
 9 0.07 2.71E-07 1.31E-07 1.83E-05 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.551 0.449 1.49E-07 1.21E-07 

Eu
Gd
Tb 9 0.07 7.66E-08 1.31E-07 1.83E-05 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.432 0.568 3.30E-08 4.35E-08 
Dy 9 0.07 7.49E-08 1.31E-07 1.83E-05 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.654 0.346 4.90E-08 2.59E-08 
Ho 9 0.07 7.38E-08 1.31E-07 1.83E-05 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.652 0.348 4.81E-08 2.57E-08 

9 0.07 7.28E-08 1.31E-07 1.83E-05 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.631 0.369 4.59E-08 2.68E-08 
9 0.07 7.20E-08 1.31E-07 1.83E-05 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.746 0.254 5.37E-08 1.83E-08 
9 0.07 7.03E-08 1.31E-07 1.83E-05 
9 0.07 6.96E-08 1.31E-07 1.83E-05 7.00Lu

Sc
Y 9 0.07 1.37E-07 1.31E-07 1.83E-05 7.00E-02 7.15E-02 1.42E-09 1.00E-02 0.465 0.535 6.36E-08 7.32E-08 
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