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ABSTRACT

Capillary Electrophoresis — Inductively Coupled Plasma Mass Spectrometry
for the Characterization and Quantification of Humic Substances

and their Interactions with Metal Species

Nancy Anne VanStone

A speciation tool was developed combining capillary electrophoresis (CE) and
inductively coupled plasma mass spectrometry (ICP-MS) to elucidate metal binding
patterns with commercial humic substances (HS). Two different interfaces were
developed and compared for their efficiency and viability: a direct injection high
efficiency nebulizer (DIHEN) and a high efficiency nebulizer (HEN) with a cyclonic
spray chamber. A thorough analysis of the migration patterns of commercial HS was
established using standard CE with UV absorbance detection. Results comparable to
published observations were achieved. The results of the CE/ICP-MS analyses of HS
inoculated with Pb lacked a high level of confidence for reproducibility. A mass balance
approach was used, and the identity of generalized peak areas was hypothesized. The
identity of the various peaks could not be determined with confidence, although it
appears that both Pb and HS binding to the separation capillary inhibit the
characterization of HS interactions with metal species by CE/ICP-MS. Further analyses

are warranted using alternative capillaries, and simpler speciation problems.
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1 INTRODUCTION

The past two decades have seen an increasing emphasis on metal
speciation for the understanding of metal toxicity in the natural aquatic environment. In
short, the paradigm of metal speciation confers the dependence of toxicity upon the
biologically available forms in which that metal exists, not upon the total metal
concentration. This understanding has grown in part from the development of sensitive
and efficient techniques for the separation of metal species, giving the researcher the
ability to discern the different species of an element as they exist in nature, and their
relative effect on the environment. In particular, the development of highly sensitive and
selective speciation methods has supported such work. This thesis is dedicated to such a
task: the development of a state-of-the-art speciation technique, combining capillary
electrophoresis (CE) and inductively coupled plasma mass spectrometry (ICP-MS)
(henceforth, the coupled instruments will be referred to as CE/ICP-MS). Accordingly, an
application is identified for which inadequate analytical techniques to elucidate important
speciation properties exists, and the new method is applied to this problem. The
relationship between humic substances (HS) and metal species is such an application. HS
have been studied since the nineteenth century, yet their structural characteristics and
related metal species interactions are still largely misunderstood.

The role of HS in metal speciation has been shown to be of utmost
importance by many studies (e.g. Piccolo 1989; Zhang et al 1996; Spark et al. 1997,

Pinheiro et al. 1999), although a simple and reliable method for characterizing these
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relationships has not been established. The goal of this work, therefore, is to develop
such a method and apply it to the analysis of HS-metal ion interactions.

To place this work in the context of existing literature and to understand
the logical progression of this work, several topics must be explored. These topics
include the development of speciation paradigms, the role of HS studies in metal
speciation with emphasis upon their composition and structure, the development of CE as
an analytical tool, the use of CE for the characterization of HS, and the recent work done
towards production of a viable CE/ICP-MS hyphenation. Finally, the rationale for the

current study will be described including the objectives of the study.

1.1 Metal Speciation

The understanding that the distribution, fate and biological availability of
metals is not solely dependent upon their total concentrations is the driving force of metal
speciation studies (Allen et al. 1980; Campbell 1995; Dabek-Zlotorzynska et al. 1998).
The most critical factor in determining these parameters is the chemical and physical
associations metals undergo in natural systems. These chemical and physical factors
include the pH and redox potential of natural systems, and the availability of reactive
species such as complexing ligands (Ure and Davidson 1995). Of course, it would be
impossible to fully describe all the chemical forms of a given element in a natural open

system due to the range of possible conditions and the complexity of such systems. It is



possible, however, to characterize some of the most important forms of an element in a
system to provide a general idea of the behaviour of these species.

The term speciation has taken several meanings. It is typically defined as
either the “process of identifying and quantifying the different, defined species, forms or
phases present in a material” or “the description of the amounts and kinds of these
species, forms or phases present in a material” (Ure and Davidson 1995). Chemical
species can be defined in functional terms (e.g. biologically available), operational terms
(e.g. lipid soluble), or as a special chemical compound or oxidation state [e.g.
arsenobetaine vs. As(Ill) and As(V); Cr(IIT) vs. Cr(VI)] (Bunce 1994; Ure and Davidson
1995; Olesik et al. 1998; Allen er al. 1998). These definitions are dependent upon the
methods used by the analyst to detect the species.

The determination of specific species within an environmental sample is
more difficult than the measurement of the total concentration of an element for several
reasons. Firstly, it is often difficult to isolate the compound(s) of interest from sample
matrices. Secondly, the act of measuring species often disturbs the equilibria existing in
the sample initially (Pickering 1995). This concemn is present throughout the process 2
speciation study, from the sampling stage through to actual analytical analysis. For
example, species exist in equilibria defined by the myriad of physical and chemical
parameters existing within its original system. By removing a small amount of sample,
the conditions may be changed within that sample. A third difficulty in speciation
measurements is that the species of interest is often present at ultra-trace levels (sub-

ng L™ to ug L") (Zoorob er al. 1998), and even the most sensitive speciation techniques



may not be able to measure such low concentrations. Finally, there are rarely standards
available for method verification of validation of analyses (Olesik et al. 1998).

The ideal speciation technique would take into account these problems. It
would therefore need to be extremely sensitive (i.e. sub-pg L' range), and provide
separation and quantification of the various species present in a sample with minimal
disturbance to the equilibria between these species. The act of separating species must
disturb the equilibrium between chemical forms to a certain extent, as the kinetic and
thermodynamic nature of the system is modified. Thus, methods that allow minimal
disturbance to the initial system must be found. For example, one may add a chelating
agent to a sample to bind with the free metal and precipitate out of solution. As the metal
binds and precipitates, the equilibrium of the system will be affected such that more
metal may become free, and in turn be bound to the chelator and precipitated out of
solution. Hence, the estimation of free metal based on the amount of precipitation will be
erroneously high. As most equilibria are limited by reaction kinetics (Ebbing 1990), a
method that allows for rapid separation of components may allow for the most accurate
measures of speciation.

Several analytical methods are used routinely for metal speciation studies.
These include methods similar to the example given in the previous paragraph, such as
using a chelating agent to bind with the species of interest (Pickering 1995). Generally,
chromatographic methods are used to first separate the species of interest, followed by an
elemental detection step. For example, gas chromatography (Chau and Wong 1989) and

high performance liquid chromatography (Batley and Low 1989) have been used for



speciation studies. Kinetic effects on the species’ state limit these methods after
separation and before detection. These methods must be coupled to a sensitive detector
in order to achieve the measurement of the concentration of analytes necessary for many
speciation studies. ICP-MS is considered the state-of-the-art for many such techniques,
considering its elemental selectivity and sensitivity (Zoorob et al. 1998) (see also section

1.4.1).

1.2 Humic Substances

1.2.1 Definition and Composition

HS are a group of naturally occurring, heterogeneous and polyfunctional
organic molecules (Aiken er al. 1985). HS are ubiquitous in the sense that they are found
everywhere that there is decomposing organic matter. For example, it has been estimated
that HS comprise approximately 50% of the organic matter of soil (Hayes et al. 1989).
As well, they are the main constituents of the dissolved organic carbon (DOC) pool in
surface and ground waters, and soil pore waters. HS are formed by the decomposition of
microbial, vegetative and animal matter; a characteristic yellow to black colour indicates
their presence.

Although the structure of the precursors for HS genesis is known (e.g.
polysaccharides, lignin, peptides, lipids), the composition and structural chemistry of
humic substances are not clear (Hayes er al. 1989). A variety of chemical reactions and

biological transformation reactions are involved in their formation, and as there is no



genetic control of their synthesis, their formation is likely random (Hayes 1997). Itis
understood that HS are groups of molecules with hydrophobic organic backbones
interspersed by hydrophilic functional groups. The interaction of the backbone and
functional groups leads to structures analogous to the tertiary and quaternary structures of
proteins (Hayes et al. 1989). The composition of HS is site-specific due to their
dependence upon geography, climate, and physical and biological circumstances (Perdue
1998a). A representative structure is therefore difficult to define due to the site- and
temporal- specificity of the substances. Limited information has been gained on the
structure of these molecules: elemental analysis can estimate the relative proportion of
elements in samples, titrations can be performed allowing estimations of the number of
functional groups (e.g. carboxylic, phenolic), and various spectrometric and
electrochemical methods have been employed for further elucidation of structure (Perdue
1998a). Nevertheless, because of the inherent difficulties in determining structure, little
progress has been made thus far.

As they do not belong to any unique chemical category, HS cannot be
defined in unambiguous structural terms; as they do not perform any specific biochemical
function, they cannot be defined in any unique functional terms. For these reasons, HS
have historically been defined in operational terms in reference to their solubility in
aqueous acid and base solutions. HS consist of humic acids (HA), which precipitate out
of solution when the pH is decreased below 2, and fulvic acids (FA), which are soluble
under all conditions of pH. A less studied component is humin, or that fraction of HS that

is insoluble in water at any pH value (Hayes et al. 1989). This classification into



operationally defined fractions has allowed for specific analysis of each component,
although these fractions are still highly variable and complex in terms of elemental
composition and structure.

Many researchers are interested in developing a concise structure of HS,
or at least a group of model structures. As nuclear magnetic resonance (NMR) appears to
be the most useful method for HS compositional information (Hayes 1997), various
groups have used the results of such analyses for the development of model structures
(e.g. Grassi et al. 1996). As well, chemical degradation studies are used to determine the
building blocks of HS. The utility of structural models, however, is limited by the
heterogeneity of the substances, although less ambiguous structural information such as
its basic elemental composition, carboxyl content and number-average molecular weight
can be used to obtain a probabilistic description of the major structural features (Perdue
1998a). While some authors discuss the futility of determining HS structure due to the
complexity and uniqueness of the substances (e.g. Ziechmann 1988; Hayes et al. 1989),
others continue to attempt to establish some representative characteristic structural

pattern (e.g. Schulten 1996).

1.2.2 HS-Metal Ion Interactions
HS are important metal chelators in the environment; their many non-
identical functional groups act as binding sites for charged elemental species (Perdue
1998b). The ubiquity of HS combined with their inherent complexation capacity (CC)

for metal binding makes them important for the mobility and fate of metals in the



environment. Metals bound to HS have been considered refractory to biotic uptake,
although recent evidence suggests that HS are an important carbon source to microbial
colonies in some ecosystems (Tranvik 1998). Nonetheless, HS is considered one of the
most important sinks for metals in natural waters (Decho and Luoma 1994).
Understanding the structure of HS could lead to a better comprehension of this metal
reservoir, allowing a greater ability to effectively recover polluted sites.

Metal binding with HS is a highly complex and variable phenomenon. It
depends on the pH and ionic strength of the medium, the concentration ratio between the
metal ion and the humic ligand, competitive binding among all metal ions present, the
intermolecular and intramolecular heterogeneity of metal binding functional group
distributions in HS, and size, shape, and phase differences between different humic
molecules (Weber 1988; Leenheer et al. 1998; Perdue 1998a; Perdue 1998b). Metals are
present in all natural waters at varying concentrations dependent upon the intrinsic
geochemistry of the locale or anthropogenic sources. Many metals in natural waters,
however, have higher than expected solubilities based on calculations derived from the
inorganic ions present in the waters (Weber 1988). This enhanced solubility is most
probably due to their complexation with HS. The CC, or the amount of metal that can
bind with a given amount of HS, of HA for metal ions is approximately 200 to 600

umol g (Rashid 1985), or 40 to 125 mg g™* for Pb**. The most important binding sites

found within HS have been found to be either carboxyl or phenol groups, or a
combination of these two functional groups as a bidentate ligand (Weber 1988, Lund

1989). It has been estimated that approximately one-third of these complexes is due to



simple cation exchange associations, and the remainder being binding sites such as the
carboxyl and phenolic functionalities (Weber 1988).

Generally, HS are considered a mixture of organic acids that can bind a
metal ion with a 1:1 stoichiometry. Under such constraints, the CC can be defined. If the
assumption of stoichiometry were true, that would mean that the CC should be
independent of conditions (i.e. pH, ionic strength, nature of metal, etc.) (Lund 1989).
This is certainly not what most research shows. The dependence of CC upon conditions,
however, is intuitive if one realizes that the structure of HS, although complex, is
comparable to the structures of other large biomolecules. At various pH values, for
example, a large biomolecule will display different conformational characteristics (Hayes
et al. 1989; Lehninger ez al. 1993). By applying this understanding to HS, an assumption
of the importance of conformation upon metal binding can be inferred, and thus its
dependence upon environmental conditions.

When determining the metal concentrations of natural water samples,
historically the total concentration was measured as opposed to the different species of
that metal. Thus, in a sample of HS, it was difficult to interpret what portion of that
concentration is complexed with HS, or with what general fractions it is associated.
Analytical methods are available to determine the concentration of the free ion or other
specific species, such as various electrochemical methods [e.g. anodic or cathodic
stripping voltammetry (van den Hoop and Leeuwen 1997; van den Berg 1998)], but these
methods are more time-consuming than methods for the determination of total metal in a

sample. There is some criticism that these techniques cannot show accurate results due to



10

changes in equilibria during analysis. As well, there is no allowance for simultaneous
structural analysis of HS.

To determine the structure of HS and their interaction with metals, some
possible methods are available. Usually this would include a separation step [e.g.
ultrafiltration, electrophoresis, chromatography] to reduce the complexity of the HS
mixture, followed by a sensitive elemental detection technique (e.g. ICP-MS).
CE has recently been added to this arsenal of analytical techniques for analyzing the
structural features of HS, although the application of a sensitive detection system for

simultaneous speciation studies has not been effectively applied.

1.3 Capillary Electrophoresis

1.3.1 Introduction to CE

CE has seen an exponential growth in all analytical fields in recent years,
in particular biochemistry and pharmacology. This analytical technique has its roots in
more conventional electrophoretic processes, such as paper, agarose gel and
polyacrylamide gel electrophoresis. Initial work with CE was done with wide-bore
capillary columns with an internal diameter (ID) of 3 mm (Hjerten 1967). The
development of modern CE technologies began in 1981 when Jorgenson and Luckas used
zone electrophoresis in open-tubular glass capillaries to separate amino acids, dipeptides

and amines (Jorgenson and Luckas 1981). Indeed, the growth of this technique can be



11

described by the vast number of publications regarding its use, with over 7000 journal
publications in 1996 alone (Oda and Landers 1997).

The schematic shown in Figure 1.1 illustrates the basic principle of CE. A
narrow (typically 20 to 100 um ID), fused silica capillary is filled with an appropriate
electrolytic solution, a small amount (1 to 30 nL) of sample injected in one end, and both
ends placed in reservoirs of the same electrolytic solution used for filling the capillary. A
voltage is applied across the capillary, and separation occurs according to charge to size
ratio differences of ionized sample molecules and due to an electroosmotic flow (EOF)
within the capillary. Detection is typically via UV absorbance or fluorescence.

The role of EOF in CE is very important. This phenomenon is the result
of surface charge on the inside wall of the capillary; the degree of ionization of the silanol
groups of the capillary is controlled by the pH of the electrolytic solution, or background
electrolyte (BGE). When the silanol groups are negatively charged, they attract
positively charged ions from the BGE solution, creating an electrical double layer near
the inner wall of the capillary. When a voltage is applied across the capillary, cations
near the capillary wall migrate in the direction of the opposite charge (the cathode)
resulting in the bulk movement of BGE towards the negative electrode. This flow
transports all components of the capillary contents at the same velocity, but does affect
the speed of analysts, separation efficiency, selectivity and resolution of the analysis.

Although CE is theoretically simple, in practical use several areas are of
concern for day-to-day reproducibility and overall technique reliability. For example,

BGE composition is very important for the successful separation of analytes and small
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changes can cause dramatic changes in performance. The EOF is also another parameter
of concern: both BGE composition and applied voltage can affect its relative speed.
Finally, the sample injection itself can affect CE performance. Several different modes
of injection have been developed each with its unique considerations. As well, the
amount and composition of the sample injected can have considerable effects in
separation. Each of these factors will be discussed in turn in the following paragraphs.
The BGE used in CE is important for many reasons, the first and foremost
of these is to maintain the pH of the solution such that the ionization of the sample is
maintained throughout the separatory process, as well as maintaining the silanol groups
of the capillary as charged moieties allowing the EOF. Untreated fused silica is
comprised of a number of different acidic surface silanol groups with a total density of
about 8.3x10° M m™ (Chiari et al. 1996). The pK, of these silanol groups range from 5.3
to 6.3, meaning that appreciable ionization of these groups will be seen at pH values
above 2 (Chiari et al. 1996). When the silanol groups are bathed in a solution of pH
greater than 2, a thin sheath of charged fluid will form adjacent to these groups. In an
electric field, this sheath will be effectively dragged by an electroosmotic force towards
the electrode of opposite charge. Thus, in an uncoated capillary, the migration behaviour
of a charged analyte will be determined both by its electrophoretic mobility and by the
electroosmotic mobility, as total mobility is a result of vectorial addition of both
parameters (Chiari et al. 1996). The importance of the pH of the BGE is also important

in determining the effective ionization of the sample analytes themselves. Thus, the pH



14

of the BGE must be considered with both the extent of ionization, and hence mobility, of
the analytes and the relative velocity of the EOF in mind.

In terms of the BGE composition, several factors need to be considered.
In relation to the previous discussion, the BGE needs to provide pH stability and thus
needs to provide good buffering capacity and be used within its buffering range
(generally within 0.75 units of its pKa) (Moring 1996). The ion concentration of the BGE
is also of importance: greater concentrations generally impart a higher buffering capacity.
Other factors to consider for BGE selection include electrical conductivity, running
current, background UV (or other detection technique) absorbance, and compatibility
with both the sample and other additives to the solution (Moring 1996).

Two methods are available for sample injection in CE: hydrodynamic and
electrokinetic. Hydrodynamic injection types include pressure, siphoning and split-flow
injection. By applying a pressure differential over the capillary, liquid can be pushed into
the capillary at the site of higher pressure. This pressure can be achieved by applying
pressure upon the sample inlet side of the capillary or by applying a vacuum upon the
outlet side. As well, siphoning can be achieved by raising the height of the sample inlet
side, whilst immersed in sample, to introduce liquid into the capillary. Most commercial
units allow both of the former hydrodynamic injection methods. Hydrodynamic
injections have the advantage of injection without quantitative bias and the ability to
make very large injections (Olechno and Nolan 1996). Electrokinetic sample
introduction consists of injecting charged analytes by applying a voltage across the

capillary while the sample inlet is immersed in the sample liquid. Thus, the injection is
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induced via the electrolytic mobility of the analyte. It is more difficuit to quantify the
volume of sample injected using this method, although various equations have been
devised to serve this purpose (Olechno and Nolan 1996). Electrokinetic injections are
subject to bias due to varying electrolytic mobilities of analytes, as well as to problems
with lonic strength differences between the sample solution and the BGE (Olechno and

Nolan 1996).

1.3.2 CE for the Analysis of Humic Substances

The analysis of HS (both HA and FA) has been performed using CE by
several research groups over the past decade. One reason for this growth is the
improvement in the reproducibility and sensitivity due to improved commercial
apparatus, and the subsequent extrapolation of these methods to analyze complex
chemical mixtures such as environmental samples (Craston and Saeed 1998). Certainly,
a test of the capabilities of CE is in the analysis of HS. As both HA and FA contain UV-
absorbing chromophores, CE with UV detection has been used to both separate and
detect these samples. As the number of theoretical plates possible with CE is higher than
with many other chromatographic methods, there was also an assumption that the greatest
separation of the unique molecules of HS into relatively homogenous fractions may be
achieved. Of course, resolution of the mixtures to single components is not possible, but
analyses can provide characterization profiles (or fingerprints) as well as provide
separation into relatively homogenous fractions based on charge and size, allowing an

interpretation of environmental relevance (Craston and Saeed 1998).
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Size exclusion chromatography (SEC) has been successfully used in the
past to separate HS into fractions based on size for the subsequent analysis of interactions
with various metal species (Zernichow and Lund 1995). Using SEC, however, the HS is
separated solely in terms of its size. CE allows the concurrent separation of the HS into
fractions based on both size and charge, allowing specific information regarding
functionality of the separated fractions to be inferred.

Kopécek and coworkers (1991) were the first group to publish their
observations of HS using CE. They realized that the ionic nature of HS made them
candidates for separation using CE, and analyzed samples of HA and FA from both
natural and commercial sources. Using UV absorbance at 405 nm, and various
electrolytic buffers, they were able to conclude that some information on the degree of
functionality of HS samples could be ascertained from electropherograms of the UV
absorbance detection of the separation within the capillary. It should be noted that the
mode of CE separation employed by Kopacek was isotachophoresis. This method is
similar to isoelectric focusing, in that different leading and terminating electrolytes are
used.

Rigol and coworkers (1994) hoped to establish a method to determine the
HA content in soils. They tested several electrolytic solutions and both commercial and
natural HA with similar trends in the resulting UV electropherograms for both. As they
found a linear relationship between the UV signal and the concentration of injected
sample, they concluded that CE provides a rough estimation of HA content in soils.

Commercial HA (Fluka, Aldrich, and Janssen) in a concentration range of 20 to 400
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mg L' were used. Papers published by this group in 1996 (Rigol et al. 1996) and 1998
(Rigol er al. 1998) used their prior work as a basis for a study of the associated
radiocaesium to soil HS fractions and to quantify the amount of HS in ultrafiltrated
samples, respectively. As they reported linear relationships between a “standard™ HS
(Fluka HA) and a defined and reproducible peak occurring in all electropherograms, they
used this to quantify the amount of HS in environmental soil samples. This showed good
correlation with other methods of quantification.

Publications of HS analyses using CE have been dominated by the
Garrison/Schmitt-Kopplin group (e.g. Garrison et al. 1995; Schmitt ez al. 1996; Schmitt
et al. 1997a; Schmitt et al. 1997b; Schmitt-Kopplin ez al. 1998a; Schmitt-Kopplin et al.
1998b). Initially, they set out to use CE to analyze HS of differing sources by developing
characteristic “fingerprints”, or the unique electropherograms that samples produce at
specific UV wavelengths. They analyzed different electrolytic systems for optimum
separation and both natural and commercial HA and FA. Specific contributions made by
this group have included the recognition of the “humic hump” (a characteristic feature of
HS electropherograms), the development of techniques to monitor the flocculation of HS
with metal ions using CE, the use of capillary isoelectric focusing for the characterization
of HS, and binding studies of s-triazines to HS. Most recently, analyses of the possible
artifacts caused by the use of borate buffers in the analysis of HS have been published
(Schmitt-Kopplin et al. 1998a; Schmitt-Kopplin et al. 1998b).

Another group that has made advancements in CE-HS techniques is that of

Nordén and Dabek-Zlotorzynska (1996,1997). They have attempted to clarify the
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detection and separation of HS using CE. I[nitially, this group used CE to analyze the
complexation of metals (Sr, Pb, Cu, Hg and Al) with FA and they used various direct and
indirect detection methods to determine the free metal concentrations in FA-metal
solutions. They also analyzed the separation of FA and HA using a borate BGE with the
addition of different organic solvents to invoke changes in the separation. They looked at
the suitability of on-line laser induced fluorescence (LIF) and diode array detection
(DAD) in comparison to single wavelength UV detection. Notable contributions from
the work of Nordén and Dabek-Zlotorzynska is the verification of HS mobility changes
upon the addition of metals due to changes in the net charge and mass of the HS (Nordén
and Dabek-Zlotorzynska 1996), the increase in molar absorbtivity of FA with increasing
FA-metal complexation (Nordén and Dabek-Zlotorzynska 1996), and the use of a
denaturing agent such as urea to improve HS separation (Nordén and Dabek-
Zlotorzynska 1997).

The work of Fetsch and coworkers (Fetsch and Havel 1998, Fetsch et al.
1998a, Fetsch et al. 1998b) is also worth noting, in particular for their development of
BGE systems with better separation results than those reported elsewhere. Several BGEs
were investigated in these works, including several of amino acid composition. The
authors found little separation of HS using most BGEs, and the most fractions seen using
high concentrations of borate and boric acid (Fetsch et al. 1998b). In fact, they believe
that there is really no discernable separation of HS occurring in most BGEs, save borate,
but the phenomenon being observed is the separation of HS oligomers (Fetsch and Havel

1998). One might see this as a difference in semantics, depending on the extent of
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separation desired for an analysis. Fetsch and coworkers also propose the use of a BGE
(rimantadine hydrochloride) with an additive (Mg(II) salts) that prevents the interaction
of HS and the silanol groups of the capillary and present promising extensive separations
of very low concentrations of HS (Fetsch er al. 1998a).

In chronological order, other publications regarding the use of CE to
analyze HS are described in the following. Pompe and coworkers (1996) used CE to
characterize HA and FA of different origins in hopes of developing a fingerprint
database. They used a phosphate-borate BGE of pH 8.9 and analyzed samples of
approximately 300 ppm, in terms of their HA or FA content. They saw definite
differences in the electropherograms of the samples, and were able to infer some
differences in aromatic content, the presence of different UV-active groups and variation
in the concentration of individual fractions. Dunkelog and coworkers (1997) compared
the use of CE to analyze environmental samples of HA and FA with capillary gel
electrophoresis, isoelectric focusing, micellar electrokinetic chromatography, and SDS
gradient-gel electrophoresis. They concluded that it was not possible to separate HA or
FA with CE, at least under the conditions described, and that the most optimal separation
and therefore the most informative electrophoretic method for their analysis is isoelectric
focusing. Keuth and coworkers (1998) conducted a study using free-flow electrophoresis
as a preparative technique for the analysis of HA by CE. They were able to see greater
separation of the mixtures with the addition of hydroxycarboxylic acids, although they
were unable to elucidate why this was observed. Another study looking at fractionated

HAs was accomplished by De Nobili and coworkers (1998), although they employed
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Amicon YM membranes to fractionate the HA into various size classes. This study
shows limited success in determining any appreciable patterns using both
polyacrylamide-coated and uncoated capillaries. Bragato and coworkers (1998) looked
specifically at fractionated HS derived from peats. They found a linear relationship
between migration time and the degree of decomposition of the peats. The BGE they use
was a hydroxymethylaminomethane (Tris) BGE with high concentrations of polyethylene
glycol, which presumably acts as a molecular sieve. They concluded that humification in

mires results in an increase in the average size of HS molecules.

1.4 CE/ICP-MS

1.4.1 ICP-MS and Sample Introduction

In ICP-MS, a sample is introduced as an aerosol into plasma where it may
be desolvated, vaporized, atomized, excited and ionized (Montaser et al. 1998a). The
ions of the sample are then focused and transmitted to a mass analyzer (e.g. quadrupole
mass filter). The main advantages of ICP-MS over other elemental analyzers (i.e. atomic
absorption spectrometry) is its low detection limits, good precision, full-range of
elemental detection, and broad dynamic concentration range (4 to 11 orders of
magnitude) for many elements (Montaser ez al. 1998a). Some of the basic concepts of
ICP-MS, such as the principles of ICP generation, detection and sample introduction will

be discussed in the following paragraphs.



Plasma is an ionized gas that is macroscopically neutral, such that it has
the same number of positive particles (ions) and negative particles (electrons) (Mermet
1999). Ar is typically used to generate the plasma for ICP-MS due to its capability to
excite and ionize most of the elements of the periodic table; as it is chemically inert, Ar
will not form stable compounds with the analytes of the sample (Mermet 1999). Plasmas
are classified according to the type of electric field used to create and sustain the plasma;
inductively coupled plasma (ICP) results from a high frequency field [radio frequency
(rf) energy] applied across a coil (Mermet 1999). In practice, plasmas are produced and
maintained within a quartz torch that consists of three tubes of varying diameter; the
inner tube carries the sample aerosol within a flow of Ar, and the intermediate and outer
tubes carry Ar that both forms the plasma and cool the torch (O’Connor and Evans 1999).
The intermediate Ar flow is seeded with electrons by initial excitation with a tesla coil,
and the electrons are accelerated by the rf-induced magnetic field toward the coil that
surrounds the torch. As the electrons are accelerated from the central area of the torch
towards its perimeter, they collide with neutral Ar atoms and ionize them. Thus, there is
a continual collision of ions and electrons within the torch as long as the radio frequency
is maintained. This external energy allows the maintenance of the Ar as plasma, and the
plasma can transfer part of its energy to atomize, ionize and excite sample introduced into
it

The ICP is, therefore, an ion source for mass spectrometry in the case of
ICP-MS. The high temperatures of the plasma (5000 to 10000 K) serve to desolvate and

atomize the sample, and the high energy of the plasma allows ionization (O’Connor and



Evans 1999). The main ionization processes within the plasma are charge transfer
ionization, electron impact ionization and Penning ionization (Mermet 1999).

Mass analysis in ICP-MS is typically made using a quadrupole mass filter
(QMF), although sector instruments, time of flight spectrometry and ion trap are also
successfully employed detection methods. The QMF consists of four parallel electrically
conducting rods that are able to allow the passage of selected ions. lons are focused into
the quadrupole, and the rf and dc voltage applied to opposite rods is changed such that an
ion of specific mass-to-charge (m/z) can be successfully transferred through the rods and
all others are not. This process can be repeated very quickly, allowing many such
measurements to be made over a short period of time, and a range of up to 200 m/z can be
scanned in less than 1 ms (O’Connor and Evans 1999).

Although ICP-MS has been widely used for about 30 years, the limiting
factor in controlling analytical performance is still the sample introduction step
(Greenfield and Montaser 1992, Gustavsson 1992). Gas, liquid and solid samples may be
introduced to the plasma, but for the purposes of this discussion, only liquid sample
introduction will be presented. Liquid samples must be introduced to the plasma as
aerosols; the process by which a liquid sample is converted to an aerosol is referred to as
nebulization (Boss and Fredeen 1997). The two main types of nebulizers used are
pneumatic (high speed gas flows are used to create an aerosol) and ultrasonic
(oscillations induced in a crystal that, in turn, induce systematic instabilities in a liquid
surface that cause it to break up into a stream of aerosol) (Browner 1999). The governing

axiom for aerosol production is to produce the smallest drops as possible, causing as little
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changes as possible to the plasma and allowing for efficient atomization and ionization of
the sample analytes. A discussion of the two nebulizers used for this research, the
Meinhard® High Efficiency Nebulizer (HEN) (J.E. Meinhard Associates, Inc.) and the
Meinhard® Direct Injection High Efficiency Nebulizer (DIHEN) follows.

Most pneumatic nebulizers used for ICP-MS are of the concentric type;
the sample solution passes through a capillary surrounded by a high-velocity gas stream
parallel to the capillary axis (Montaser et al. 1998b). A pressure differential across the
sample capillary is created by the flow of gas, drawing the liquid sample through the
capillary (self-aspiration). Meinhard® nebulizers are currently the most widely used
nebulizers in ICP spectrometry (Montaser ez al. 1998b, Browner 1999). This company
offers several different nebulizers suited for different applications, but all have similar
operating principles. The nebulizer itself is constructed of quartz glass, and the basic
design can be seen in Figure 1.2 (a). Figure 1.2(b) is a cross-sectional view of the
nebulizer’s venturi end. The HEN is one of several nebulizers built according to these
specifications, although the HEN operates at low solution uptake rates (as low as 10
uL min™ in comparison to 500 to 1000 L min™ for other designs) (Montaser ez al.
1998b). The HEN requires a very high gas pressure (~170 psi) for optimal nebulization,
which, depending on the ICP-MS being used, must be supplied by an external gas
regulator, as the mass flow regulator of most instruments can not supply this pressure.
The HEN produces a very fine aerosol that is delivered into a spray chamber (e.g. Scott-
type or conical) that removes the majority of large droplets as the gas flow delivers the

sample to the plasma. The efficiency of sample transfer to the plasma using a spray
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chamber is typically in the range of 1 to 2% (McLean et al. 1998). An interesting
characteristic of the HEN is that at sample flow rates less than 50 uL min™', the transport
efficiency rises dramatically (as high as 70% at 10 uL. min™") (Browner 1999). The HEN
has been shown to be an effective interface for CE and other chromatographic techniques
with ICP-MS, due to its simplicity, low cost, low dead volume, and high reproducibility
(Montaser et al. 1998b).

Although the transport efficiency can be quite high for microconcentric
nebulizers such as the HEN, there are still applications, especially in the environmental
sciences, where very low detection limits are needed. In these cases, it would seem
prudent to attempt to analyze the whole sample, allowing a greater bulk of analyte to be
atomized and ionized. Various attempts have been made in direct injection nebulization
(DIN) systems, such that the entire sample is nebulized and introduced to the plasma.
The Meinhard® DIHEN is such an apparatus. The DIHEN looks conceptually very
similar to the HEN (Figure 1.2). The need for a spray chamber is precluded by an
elongated sample introduction shell that fits directly into the torchbox and torch of the
ICP-MS, thus allowing sample aerosol to be introduced directly to the plasma. Initial
experiments with the DIHEN showed detection limits in the ppt (part per trillion) range
for many elements, and an overall 12-fold improvement in absolute detection limits in
comparison to conventional pneumatic nebulizers (McLean ez al. 1998). Recent work
shows an even greater improvement over conventional techniques using the DIHEN for

the analysis of long-lived radionuclides (14 to 38-fold improvement in detection) (Becker
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et al. 1999). The DIHEN requires a very low gas flow rate for optimal aerosol

production (~ 0.2 mL min™).

1.4.2 CE/ICP-MS for Speciation Studies

The unique character of this thesis as opposed to recent research in this
area 1s to analyze HS-metal ion interactions using both CE and ICP-MS. ICP-MS is well
recognized as a useful and powerful technique for the detection of trace elements in
chromatographic separations (Tomlinson et a/. 1995, Sutton et al. 1997). CE/ICP-MS has
several advantages over predominant chromatographic and spectrometric hyphenation
techniques: it combines the excellent resolution and separation efficiency of CE with the
highly sensitive and selective elemental detection of ICP-MS. Difficulties arise in the
coupling of CE and ICP-MS; in particular the low flow rate and sample volume of CE
poses problems for ICP-MS as most nebulizers are designed to accommodate larger flow
rates. As well, the completion of an electrical circuit is required for CE separation, and
because one end must be coupled with the ICP-MS, problems with maintaining current
ensue.

Since the publication of the first recorded coupling of CE and ICP-MS,
several groups have presented viable coupling systems. Olesik and coworkers (1995)
initially devised a system using a concentric pneumatic nebulizer. The capillary was
placed into one end of the nebulizer, with a tight fit maintained by a thin layer of silver
paint on the outside of the capillary. The silver paint also served to complete the

electrical circuit to the flow leaving the terminus of the capillary. A small spray chamber
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was built specifically for the system to accommodate the small flow rates from the
capillary. Difficulties arose from silver contamination, and suction resulting from the
nebulizer gas flow across the capillary. Detection limits were in the range of 0.06 to 2
ng L' for the elements investigated (Cr, Fe, Ar, Sn and Sr).

In a paper discussing ICP-MS as a detector for chemical speciation
studies, Tomlinson and coworkers (1995) presented their design of an interface for CE
and ICP-MS. They completed the electrical circuit for the electrophoretic process by
terminating the separation capillary within a grounded stainless steel tube, through which
BGE was also pumped. The liquid flow was introduced to the plasma using a glass frit
nebulizer. They found the performance of the glass frit was seriously affected by the
BGE flow rate: slow rates caused a pulsing and a high background, and high rates would
dilute the sensitivity of the response to the sample. They did, however, report excellent
results for the separation of two Pb species.

Lui and coworkers (1995) attempted to bypass the inherent problems of
CE/ICP-MS hyphenation by using a lab-built direct injection nebulizer (DIN) as an
interface between the instruments. The separation capillary was placed concentrically
within the DIN, with make-up solution pumped independently around it. The make-up
solution and capillary flow were thus combined at the terminal end of the capillary,
mixed, and placed such that this flow would be immediately and totally nebulized into
the plasma torch of the ICP-MS. The make-up flow also served to complete the electrical
circuit, as the grounding electrode was placed within this solution. The benefits of this

system were the efficiency of the nebulization, resulting in excellent resolution of



analytes, and high sensitivity. Species separated using this method included a multi-
element solution of Li, K, Cs, Cd, Co, Mn, Pb, Sr and T1, and solutions of As and Se.

Another CE/ICP-MS interface was introduced in the literature in 1995 (Lu
et al. 1995). As with the interface from Olesik and coworkers (1995), this group used a
Meinhard® nebulizer for the aerosol production and introduction. Instead of completing
the electrical circuit with silver paint, they instead devised a system that has seen much
duplication in subsequent designs. A “tee” union was used to connect a concentric sheath
flow of BGE around the capillary, which fits directly through the union. The solution
was grounded via an electrode immersed in this flowing solution, thereby allowing the
CE separation to be grounded by merit of the solution flowing over the terminal end of
the capillary. It was also noted that the terminal position of the capillary was important
in determining the sensitivity of the analyses. The sheath liquid, or make-up electrolyte,
was allowed to be self-aspirated through the Meinhard® nebulizer (the self-aspiration due
to the suction created by the Ar flow through the nebulizer as describes in section 1.5.1).
This system was used to separate metal-binding proteins and quantify bound metal
concentrations for ferritin and metallothionein isoforms. Using this system, an effective
demonstration of the modeling of laminar flow was shown (Kinzer er a/. 1996).

An ultrasonic nebulizer was used as an interface for CE and ICP-MS by
Lu and Barnes (1996). As in the previous designs, the electrical circuit was completed by
grounding in a concentric sheath flow. In direct comparison to work with a concentric
glass nebulizer, improved detection limits (82 ng L™ for '"*Cd and 1.18 pg L™ for **Zn)

were seen (Lu and Barnes 1996). Mei and coworkers (1997) used a microconcentric
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nebulizer made by CETAC (CETAC Technologies Inc.) as their coupling device, and
allowed the sheath liquid to be drawn concentrically over the separation capillary by self-
aspiration of the nebulizer. They reported efficient and satisfactory sensitivity for both
Cu and Cr species. Magnuson and coworkers (1997) reported As speciation studies using
CE detected with hydride-generation ICP-MS. Because of the particular parameters used
for analysis, sample was pushed hydrodynamically through the separation capillary
during the electrophoretic process. Although this would presumably lead to odd peak
shapes and poor resolution, efficient and sensitive separation and detection of As and Ge
species was reported. As well, the authors claim that the use of pressure during the
electrophoresis allows a greater volume of sample to be injected, as well as allowing for
faster run times (Magnuson et al. 1997).

The work of the Michalke group shows much promise as indicated by
their presence in the literature (e.g. Michalke et al. 1997, Michalke and Schramel 1997,
Lustig et al. 1998, Michalke and Schramel 1998a, Michalke and Schramel 1998b,
Michalke 1999). Initially, a modified Meinhard® nebulizer was used in combination with
a “user assembled cartridge” (Bio-Rad, Munich). This cartridge is specially designed for
CE-MS coupling and allows liquid coolant to be pumped around the capillary until entry
into the nebulizer. A make-up liquid was again employed to increase the flow volume
into the ICP-MS, and complete the electrical circuit for electrophoretic separation. A
special feature of this set-up is a mechanism by which the capillary position within the
nebulizer can be controlled during use. The authors conclude that this system is indeed

viable and efficient, no detectable suction through the capillary is noted, and adequate
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detection limits for both platinum and selenium species were seen (1 to 20 pg LY
(Michalke et al. 1997, Michalke and Schramel 1997). The separation and detection steps
of these analyses were differentiated in the sense that after given amounts of time of
applied voltage (the separation step), the contents of the capillary were pushed towards
the ICP-MS (the detection step). This group has continued this work within the scope of
studies of the speciation of platinum and selenium in body fluids such as human milk and
serum.

Other contributions of note to the development of interfaces for, and
applications of CE/ICP-MS include the work of Tangen and coworkers (1997, 1998) and
Majidi and coworkers (Majidi and Miller-Thli 1998a, 1998b, Majidi et a/. 1999). Tangen
and coworkers developed a direct injection nebulizer to couple the instruments, however,
they had problems maintaining efficient aerosol production and they observed signal
pulsing at low liquid flow rates (Tangen ez al. 1998). Majidi and Miller-Ihli (1998b)
presented two different interface designs. Both are very simple and robust designs, the
first using a concentric nebulizer (similar to Lu er al. 1995) and the second using a
standard cross-flow nebulizer fitted with a Scott-type spray chamber. Both interfaces are
reported as allowing efficient and sensitive results for Cd, Zn and La speciation studies.
In a more recent paper, Majidi and coworkers (1999) report the use of a number of
capillaries in parallel (multicapillaries) to improve detection limits by increasing sample
volume. For this work, a cross-flow nebulizer was used with the multicapillaries, and a
comparison between a DIHEN and a cross-flow nebulizer are presented for a single

capillary separation. The authors note that the DIHEN is advantageous over other
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interfaces due to the elimination of residence time in the spray chamber for the analytes;
sharper, more symmetrical peak shapes are seen, in particular for La (Majidi e al. 1999).
To date, there have been no literature references indicating the use of
CE/ICP-MS for the analysis of HS and metal speciation, except for Ni speciation in the
presence of HA presented as an example of the potential of CE/ICP-MS (Sharp et al.
1999). In this case, the separation of Ni and Ni-HA was shown as well resolved peaks,
although the experimental conditions are not clearly presented. Many of the researchers
using CE for the analysis of HS mention the utility of CE/ICP-MS or CE/MS in studying
HS. It is my intention in the following sections, therefore, to describe the methods and
results seen from the coupling of CE and ICP-MS as applied to the study of HS and their

interactions with metal species.

1.5 Rationale for Study and Experimental Objectives

The objectives of this project were designed such that a greater
understanding of HS and metal ion interactions may be achieved through the

development of a novel method for such analyses. The objectives are as follows:
(i)  to design and construct a viable and efficient coupling apparatus for
CE and ICP-MS;

(ii)  to optimize this method using simple speciation schemes and test the

efficiency of various speciation schemes;

(iii) to compare these results with known detection limits for alternate
CE/ICP-MS systems; and,
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(iv) to apply this method to model HS systems to characterize and
quantify metal ion interactions (i.e. free metal quantification and
patterns in HS-fraction associations).

In performing this research, my initial goal was to develop a method
whereby HS of environmental origin could be analyzed and characterized according to
their metal-binding abilities. As I have outlined in the above introduction, it is known
that HS play an important role in the bioavailability of metals through controlling their
mobility and fate in environmental matrices (i.e. soil, water). There is no simple method,
however, to look at these qualities. CE has shown promise in separating HS into
somewhat homogeneous fractions (e.g. Fetsch and Havei 1998; Schmitt-Kopplin ez al.
1998a), and its hyphenation to ICP-MS has been shown successfully in the literature
several times (e.g. Olesik et al. 1995; Majidi and Miller-Ihli 1998b). The utility of the
combination of CE and ICP-MS to look at metal interactions with HS seemed obvious.
To realize this method, however, the separation of HS, and in particular, HS inoculated
with metal, needed to be well characterized and understood during the CE process. To
this end, the first section of this thesis will describe the attempts to optimize HS
separation, and delineate the effects of metal addition to HS separation using UV
absorbance to follow the changes in the organic matter in the electrophoretic process.
Next, a simple and efficient CE/ICP-MS interface needed to be developed, and proven
effective by comparison to results obtained from other interfaces for simple speciation
schemes. Thus, a large portion of my work for this project was devoted to different

interface designs and the verification of their efficiency. This is reflected in the results
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section of this thesis. Finally, the separation and quantification of metals associated with
the electrophoretic fractions of HS were analyzed using CE/ICP-MS. These data are in
many ways preliminary results of what could be done using CE/ICP-MS for such
analyses. The bulk of this work was involved in the development of the methods to allow
such analyses. My hope is that this work will provide the framework for more detailed
analyses using CE/ICP-MS to answer important questions regarding the nature of metal

binding with HS.
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2 EXPERIMENTAL

2.1 CE Separations of Humic Substances (UV Detection)

2.1.1 Apparatus

All separations were carried out using a Beckman P/ACE MDQ CE
system equipped with a real-time UV-visible diode array detector (DAD, 190-600 nm) or
a variable wavelength (1) UV detector (UV, 214 nm or 254 nm as noted). When the
DAD was used, only A of 190 to 300 were collected, as this information was used to
decide between the use of 214 and 254 nm for subsequent work. Absorbance data was
collected at 4 Hz for 10 to 15 minutes and was measured via an on-line window
approximately 57 cm along the length of the capillary. Separations were made at
constant running voitage (15, 25 or 30 kV, in both normal and reverse modes). Current
was monitored and varied according to running BGE and sample volume and matrix.

Uncoated fused-silica capillaries (50 um ID, 65 cm length) were obtained
from Polymicro Technologies. Capillaries were cleaned and conditioned daily by
flushing with 100% methanol by pressure application (20 psi) for 10 minutes, 2 minutes
with deionized distilled water (ddw), 5 minutes with 0.1 N NaOH, and finally 2 minutes
with ddw. Before each sample injection the capillary was cleaned and reconditioned by
flushing the column for I minute with 2% HNO;, 2 minutes with 0.1 N NaOH, and 2
minutes with the running BGE. The capillaries were kept at a constant temperature of

25°C (except with rimantadine BGE, 40°C).



2.1.2 Reagents
When possible, all reagents used were of trace or HPLC-grade. Three

BGEs of different concentrations and pH were used: borate, hydroxymethylamino-
methane (Tris) and rimantadine hydrochloride. Borate BGEs were prepared using boric
acid and sodium tetraborate obtained from Sigma. Reagents were dissolved to
appropriate concentrations in ddw. Tris BGE solution was obtained from Fisher
Scientific and used as directed (diluted with 100 % methanol and ddw). Rimantadine
hydrochloride (Aldrich) and magnesium chloride (Fisher Scientific) solids were dissolved
in ddw to appropriate concentrations and the pH of resulting solutions adjusted using 0.1
M NaOH (Fisher Scientific) or 0.1 M HCI (Fisher Scientific). All rinse solutions and

BGEs were filtered (0.45 um) and degassed before use.

2.1.3 Samples

Standard solutions of sulfanilamide (Fisher Scientific) and benzoic acid
(Fisher Scientific) were prepared in ddw. These were filtered and degassed before
analysis. The standard solution was run twice per day in triplicate to check CE
reproducibility.

HAs (AHA) were obtained from Aldrich. Stock solutions of AHA were
prepared by dissolving solid samples in a small volume of 0.1 M NaOH and diluting the
solution to a total concentration of 1000 mg L' for AHA and 10 M NaOH (Fisher
Scientific). An aliquot of this sample was set aside for preliminary method development,

and to serve as a HA blank for the metal analyses. Aliquots of the stock solution were
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diluted to 100 mg L™ and 50 mg L™ with additional NaOH added to maintain a total
NaOH concentration of 10°M. Subsamples of each concentration of AHA were
inoculated with various concentrations of Pb (in 2% HNO;, Fisher Scientific) to achieve
ratios of metal to humic content of 1:100, 1:1000, and 1:10000. For example, to achieve
a 1:100 ratio of metal to humic content for the 100 mg L' AHA sample, ] mg L™ of Pb
was added to the solution. Aliquots of each AHA concentration were set aside before Pb
addition to serve as humic blanks. Blank solutions of 10° M NaOH and BGE were also
prepared for simultaneous analysis. Approximate pH measurements were made for each
sample. All samples were filtered (0.45 um) and degassed before analysis. Samples

were kept in darkness at room temperature for at least 24 hours before analysis.

2.1.4 Experimental

Various parameters were manipulated to achieve separations of the HAs.
Initially, BGE composition was explored as the most important parameter that effects CE
separations. Comparisons of results for the various concentrations of AHA using the
borate, Tris and rimantadine BGEs were analyzed according to optimal separation, the
criteria for which being short analysis time (<15 minutes), minimal background, and
discernible and reproducible patterns in the “humic hump”. Sample injection volumes
and separation voltages were also manipulated to aid in achieving optimal separation, and
these parameters used for analysis in subsequent experiments.

All BGEs were prepared daily from stock solutions (borate and Tris

BGEs) or by dissolving the solids in ddw and diluting the solution to the appropriate
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concentration (rimantadine hydrochloride), degassed and filtered through a 0.45 um
membrane. For the exploratory work, the DAD detector was used, gathering absorbance
data from 190 nm to 300 nm at 10 nm intervals. Subsequent samples were analyzed
using the UV absorbance detector at 214 nm or 254 nm as noted.

After the initial method development, samples were typically run on the
CE using the following standard conditions (any deviations from these methods are
noted). The separation capillary used was 65 cm length x 0.5 pm ID, with a UV window
approximately 50 cm along the length to facilitate UV detection. The capillaries were
treated as described in section 2.2.1 before and between each sample. Approximately 47
nL was injected onto the capillary, as calculated by CE Expert (Beckman) for an injection
pressure of 1 psi for 15 seconds. For all BGEs, save the rimantadine hydrochloride, a
positive voltage was applied at the injection end of the separation capillary (normal mode
CE). The value of this voltage was typically 25 kV, resulting in a current of
approximately 15 pA for borate BGE. Run times were usually 15 minutes, using either
the UV or PDA detector. Data analysis was performed using both the Beckman P/ACE
software package, with subsequent peak area and migration time analysis using ®PeakFit

v.4 (SPSS Inc).
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2.2 CE/ICP-MS Interfaces: Design and Optimization

2.2.1 Apparatus

The initial design for the interface for the CE system and the ICP-MS
instrument is shown in Figure 2.1. To attach the CE to the direct injection high efficiency
nebulizer (DIHEN, J.E. Meinhard & Associates), a PEEK cross was used within which
the separation capillary from the CE system transverses 2 arms of the cross, allowing the
make-up solution to be pumped concentrically around the separation capillary. As well,
an electrode makes contact with the make-up electrolyte solution within the cross,
allowing the current to be carried to the terminus of the separation capillary where the
electrolyte solution and electrophoretic solution mix within the DIHEN before
nebulization.

A second interface was designed, incorporating the use of a high
efficiency nebulizer (HEN, J.E. Meinhard & Associates) and a cyclonic spray chamber
(Precision Glassblowing). A picture of this interface is shown in Figure 2.2 (a schematic
drawing of the HEN is shown in Figure 1.2, page 24). Again, a cross is used to attach the
separation capillary, make-up electrolyte solution flow, and electrode to the nebulizer, as
described for the DIHEN interface. The spray chamber fits directly into the normal
injector for the PE Elan 6000 allowing aerosol to be delivered to the plasma, and large
droplets to be pumped away via a drain on the bottom of the spray chamber.

The CE system used for these analyses is as described in section 2.2.1.

Uncoated fused-silica capillaries (Polymicro Technologies) with an inner diameter of
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Separation Caplllary (from
Beckman P/ACE CE)
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| DIHEN and adapter for Elan 6000 ICP-MS
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Figure 2.1: Schematic of DIHEN interface. The basic components of the CE/DIHEN/ICP-MS interface are shown.
The DIHEN fits snugly in the adapter. The adapter replaces the normal injector allowing the DIHEN
nozzle to be within a few mm of the plasma.
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Figure 2.2: Details of the HEN/cyclonic spray chamber interface. All com-
ponents of the interface can be seen in (a): the terminal end of the
separation capillary can be seen in the right of the photo, and is
attached to the HEN via the cross connector; extra electrolyte and an
electrode are also connected to the HEN with the cross connector.
Nebulizer Ar flows concentrically around the sample introduction of
the capillary as solution flows out causing aerosol formation. Large
droplets of sample collect on the walls of the spray chamber, and
drain out at the bottom, and aerosols are introduced to the plasma via
the Ar flow out the top. A schematic of the nebulizer can be seen in
Figure 1.2.
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50 pm were used. The column was housed in Beckman's specialized external detector
adapter (EDA) allowing the terminus of the capillary to exit the side panel of the
instrument. To accommodate the EDA and the distance needed to reach the interface, a
75 cm column was used for the HEN/conical interface, and a 65 cm capillary was
sufficient for the DIHEN interface. Capillary conditioning and inter-sample cleaning
were as described in section 2.1.1.

The ICP-MS instrument used for these analyses was a PE Sciex Elan 6000
(Perkin-Elmer). Adaptations to the normal sample introduction apparatus are described
above. Plasma gas and intermediate gas flow rates were set at 15.0 L/min and 0.8 L/min
respectively. Nebulizer gas rates for the DIHEN interface were optimized via the mass-
flow controller of the [CP-MS nebulizer gas system. Nebulizer gas rates were optimized
for the HEN/cyclonic interface using an external supply of Ar equipped with a high-
pressure regulator. Nebulizer gas flows and RF power were optimized daily. RF power
for the HEN/conical interface was typically about 650 W, as opposed to 1500 W for the

DIHEN interface.

2.2.2 Reagents

The electrolytic solutions used for the validation of the CE/ICP-MS
interfaces were phenanthroline and borate BGEs. In all cases, trace-grade or HPLC-
grade reagents were used when possible. Phenanthroline BGEs were made by dissolving
phenanthroline (Fisher Scientific) and ammonium nitrate (Fisher Scientific) in ddw to 10

mM and 5 mM, respectively, and adjusting the pH to 8.5 with 0.1 M ammonium



42

hydroxide (Fisher Scientific). Borate BGEs were made as described in section 2.1.2. All
rinsing and cleaning agents are as described in section 2.2.2. All BGEs were filtered

(0.45 pm) and degassed before use.

2.2.3 Samples

For the optimization of the DIHEN interface, a mixture of metals was used
initially as a test of the resolution of the system. This pre-made metal mix of sample
solution consisted of | mg L™ for each of Ba, Cd, Co, Cs, Cu, Mg, Mn, Ni, Pb and Tl
(CLMS-2, SPEC Certiprep, Inc.). Tuning solutions and mixed metal samples were made
from stock solutions of Pb, Mg, Cu, Mn and Rh in 2 % nitric acid (Fisher Scientific).
Stock solutions of Sr were obtained from Fisher Scientific and used as an addition to
BGE solutions for electroosmotic flow (EOF) monitoring. In all cases, metals were
diluted in ddw to the desired concentration.

Stock solution of EDTA (Fisher Scientific) was made in ddw. Blanks and
samples spiked with Pb were made. Pb was added in small aliquots from stock solutions
(Fisher Scientific). The concentrations of all samples are discussed in the results section.

All samples were filtered (0.45 um) and degassed prior to analysis.

2.2.4 Experimental
The DIHEN interface was optimized daily for RF and nebulizer gas flow
rates using a tuning solution of S mg L™ each of Cu, Mg and Rh, and 10 mg L* Pb.

Optimization criteria were the settings for each at which the highest sensitivity was
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observed. Daily checks for suction and backpressure were performed for the interface.
In brief, these consisted of immersing the end of the capillary into stock solutions of Pb
(1000 mg L"), waiting several minutes, then flushing the capillary with the BGE
solution. The observance of Pb in the flushed solution would indicate that there was
significant suction through the capillary. Alternately, the make-up solution could cause
backpressure into the capillary. This backpressure was estimated in the following
manner: the separation capillary was filled with BGE spiked with 200 ug L' Sr and
allowed to sit for a few minutes. The capillary was then flushed at a reasonably low
pressure (5 psi). If there is no appreciable backpressure, the BGE should be immediately
seen by the detector as Sr. On the other hand, if the make-up is pushing back into the
capillary, a substantial amount of time will pass upon the addition of pressure before the
Sr signal is observed. In the development of these methods, it was found that there was
typically a “sweet spot” where the backpressure and the suction seemingly cancelled each
other. The height of the CE system relative to the ICP-MS injector at which this
occurred, as well as the make-up solution flow rate were used for all analyses, and
checked periodically to maintain the balance.

For all experiments requiring the separation of analytes via CE and
detection using ICP-MS, the CE methods were as described in section 2.2.4, save the
length of the separation capillary (65 cm for the DIHEN interface, 75 cm for the
HEN/cyclonic). The pressure of the rinse steps was maintained at 10 psi to avoid
creating excess pressure within the cross fitting and erratic nebulization due to excess

liquid flow. All samples were run at least three times under the same conditions.



2.3 Analysis of AHA-Pb by CE/ICP-MS (ICP-MS Detection)

2.3.1 Apparatus
The CE/ICP-MS interface used is as described for the HEN/cyclonic

interface in section 2.2.1.

2.3.2 Reagents
All reagents used pertaining to the CE-related portion of the AHA
separation are as described in section 2.1.2. Borate BGEs were used for all analyses,
including standard Pb samples. Borate BGE was used as the make-up solution as
prepared for CE analysis. Sr was not added to aid the monitoring of EOF due to the
suspicion that Sr ions may interfere with the interaction of Pb with the AHA molecules
during separation. Data collection for ICP-MS electropherograms was started when the

CE voltage was applied.

2.3.3 Samples
Solid samples of AHA were dissolved in a small volume of 0.1 M NaOH
and diluted with ddw to a total AHA concentration of 500 mg L' and 10° M NaOH. An
aliquot of this sample was set aside to serve as a HA blank for the metal analyses.
Subsamples of AHA were inoculated with various concentrations of Pb (in 2% HNO;) to
achieve metal concentrations of 5, 25 and 50 mg L"'. Solutions of 0.1 M NaOH and

0.1 M HCI were used to adjust the pH of subsamples of each metal concentration to an
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acidic (pH < 5), neutral (pH 6 to 7) or alkaline (pH > 7) solution. Approximate pH
measurements were made for each sample. All samples were filtered (0.45 um) and
degassed before analysis. Samples were kept in darkness at room temperature for at least

24 hours before analysis. Standard Pb solutions were analyzed as described in section

223,

234 Experimental
Daily optimization and instrumental tuning were performed as described
in section 2.2.4. Standard solutions of sulfanilamide and benzoic acid were analyzed
each moming using UV detection to provide an estimate of daily analytical error
associated with the electrophoresis. Samples and standards were analyzed as described in
section 2.2.4. Data analysis was performed using both the PE Elan 6000 software
package, with subsequent peak area and migration time analysis using both ®MS Excel

and ®PeakFit v.4 (SPSS Inc).
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3 RESULTS AND DISCUSSION

The bulk of the work done towards this thesis involves the development of
various methods before the final application of CE/ICP-MS to the study of HS-metal
interactions. As such, a great deal of the following results/discussion section attempts to
describe and clarify the procedures and outcome of these incremental steps in the
development of the final methods. To begin, the separation of HS using CE is explored
using Aldrich HA (AHA) as the model compound. The use of AHA will be carried
throughout the experiment to allow for direct comparison of results. Initially, in section
3.1.1, the appropriate BGEs and wavelength for UV analysis are explored, with an
emphasis on the descriptive differences seen with each parameter, and the criteria used to
determine the optimal conditions. Then, in section 3.1.2, the CE method with UV
detection was applied to an AHA-Pb mixture to explore the changes in mobility patterns,
or fingerprints. This study allows for a better understanding of the changes metal
addition makes upon the migration of the organic molecules, but analyses of the Pb
binding patterns are not possible. To make the change from UV to ICP-MS detection, an
analysis of the properties and efficacy of two interface designs (the DIHEN, and the
HEN/Cyclonic) was undertaken. Section 3.2 describes this process in detail, including
the optimization of both systems, and the quantification of simple speciation schemes.
Finally, in section 3.3, the method in its entirety is described as the application of AHA
inoculated with Pb. Samples are separated using CE and the associated Pb is detected

using ICP-MS. Thus, the observations noted throughout the initial experiments can offer
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insight for this final section, as the UV analysis of AHA will allow comparison of the
organic data with the metal data. As well, the migration times and resolution of
separation observed for simple speciation schemes allows an evaluation of the relative

mobility of the metal species in the final experiment.

3.1 CE Separation of Humic Substances (UV Detection)

3.1.1 Method Development: Choice of BGE and Wavelength

One of the most important aspects of good electrophoretic separation is
the choice of an appropriate BGE. As discussed in section 1.4.1, BGE pH and
composition are important parameters for determining the separation potential of an
application. Although several viable BGE systems have been presented in the literature
for HS separation, none have been applied for use with ICP-MS as the detector. As well,
Aldrich HA (AHA) is used as the model compounds for my analyses, necessitating the
optimization of their separation for my purposes. The concentration of HS in natural
waters is variable, but usually in the low (2 to 30) mg L' range. Thus, it would be
preferable to use BGEs that allow sensitive quantification of very low concentrations of
the model compounds to allow some reasonable assumptions regarding the behaviour of
natural HS in CE.

In most cases, the study of HS using CE involves the use of very high
concentrations of the analytes, generally in the range of 100 mg L' to 1000 mgL". The

results of Fetsch and coworkers (1998a) indicate that the need for high concentrations of
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analytes is due, in part, to HS absorbance to the capillary walls. In tests where the sample
was allowed to rest for increasing amounts of time after injection but before application
of a voltage, the researchers found an inverse relationship between resting time and the
magnitude of response seen. In fact, it was observed that no response would be seen if
the plug of sample (~ 10 mg L' HA) was allowed to sit for over three minutes before
pushing through the capillary (Fetsch et al. 1998a). This would indicate that there is a
kinetic dependence on the absorption of HS to the capillary walls. The possibility of
interactions between the silanol groups of the inner wall of the capillary and the many
diverse functional groups of HS is great, particularly when the HS are highly
deprotonated in an alkaline BGE. This is a fairly common problem in the separation of
proteins and amino acids, and the problem has been rectified in many cases by the
addition of a surfactant, the use of an organic solvent, or complexing agents (Fetsch et al.
1998a). In particular, the addition of metal ions to inhibit the interaction of the silanol
groups with the analytes has been found to be a successful approach, and that which was
used by Fetsch and coworkers (1998a). These researchers were able to enhance the UV
response of low concentrations (> 10 mg L") of HS using BGEs consisting of
rimantadine hydrochloride and magnesium (1) salts.

In determining the appropriate BGEs to use for this work, results obtained
using rimantadine hydrochloride were compared to those of traditional HS separation
BGEs. The more traditional (as they have been used the most) BGEs are borate
(Dunkelog et al. 1997; Nordén and Dabek-Zlotorzynska 1997; Schmitt et al. 1998, Fetsch

et al. 1998b) and Tris (Dunkelog er al. 1997). A comparison of these three BGEs
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regarding the separation of a 50 mg L' sample of AHA can be seen in Figure 3.1. In all
cases, the conditions are optimized for each BGE system in terms of the greatest
separation possible that is above background noise. Parameters optimized include
temperature of separation (20 to 60 °C), voltage (10 to 30 kV), concentration of BGE
constituents, and pH of the BGE. Criteria for selection of parameters included
reproducibility, sensitivity (measured as lowest concentration of AHA detectable above
background and as function of response for various peaks), and the number of peaks
detectable (taking into account the humic hump, peaks that emanate from the humic
hump, and all other peaks). For Figures 3.1(b) and (c), electropherograms are
representative results of three replicates, with RSD < 4 % for migration times, peak areas
and peak heights of all apparent peaks. Figure 3.1 (a) does not represent a number of
samples, but rather is the best results achieved for the 50 mg L™' AHA sample according
to the determined parameter selection criteria. This inconsistency in replication will be
discussed presently.

These separations are comparable to those seen in other studies of AHA
and model compounds. In particular, the humic hump is observed in all results; due to
the heterogeneous nature of the HS, their separation cannot be finite, as each molecule of
the mixture may be unique to the total composition. Instead, the separation results in
broad bands representing a gradient of size and charge. In Figure 3.1 (a) the
electropherogram for AHA separated in rimantadine hydrochloride shows some defined
peaks and two distinct “hump” regions (migration times of 4 to 5.5 minutes and 5.5

minutes to 6.25 minutes, respectively). This shape is similar to that seen by Fetsch
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Figure 3.1: Comparison of BGE constituents. UV absorbance electropherograms
(A =214 nm) of 50 mg L™ AHA separated in (a) 20 mM rimartadine
hydrochloride, 25 mM MgCl, (pH 3.3), (b) 45 mM borate (pH 8.2), and
(c) 20 mM Tris (pH 8.3). Separation conditions: 50 mM ID; -15 kV for
(a), +25 kV for (b) and (c); 40°C for (a), 25°C for (b) and (¢); pressure
injection (15 seconds at | psi). Note the difference in scale for the y-
axis of the figures.
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et al. (1998a) for Fluka HA. The separation shown in Figure 3.1 (b) is, again, similar to
typical separations of AHA seen in borate BGEs of various concentrations (Nordén and
Dabek-Zlotorzynska 1997) and other model HAs in borate BGEs (Schmitt-Kopplin ez al.
1998). The separation that is shown in 3.1 (c) is the least defined of the three, in terms of
intensity of response and the number of apparent peaks. A large negative peak is seen at
approximately two minutes due to NaOH in the sample solution. This observation was
verified by the results of a blank solution containing only ddw and 10*M NaOH that
exhibited a large negative peak with the same migration time. This is comparable to the
large positive peak seen at 2.25 minutes in the borate BGE [Figure 3.1 (b)], which may
also be attributable to NaOH in the sample matrix, as validated with a blank run in the
same BGE solution. These early peaks can be used to determine the EOF under the
different conditions (e.g. Schmitt-Kopplin ez al. 1998b).

As the analyst is interested in obtaining the greatest separation of analytes
while maintaining sensitivity above background and reproducible results, there may need
to be a trade-off involved in the selection of BGEs. In the separation of AHA In
rimantadine hydrochloride [Figure 3.1 (a)] there is the greatest number of individual
peaks and the most definition (i.e. number of emanating peaks or resolution of those
peaks) seen in the humic humps. As well, the response is the highest for the three BGEs
tested (Amax = 7.5 mAu). The borate BGE is also promising as the humic hump shows a
strong response (Amax = 2 to 3 mAu), yet the separation of HS components would seem to
be limited to the approximately one minute wide peak area. The Tris BGE would appear

to be the least desirable BGE for this application due to the low response (Amax = 0.85
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mAu). There does appear to be, however, a very broad separation of the components, as
the humic hump is very wide albeit of low UV absorbance.

An important consideration for this method development was the
reproducibility of the electropherograms. The variability of the separations was
estimated using the percentage RSD for the migration times, peak areas, and peak heights
of the observed peaks for the separation in each BGE. As previously reported, the
percentage RSD for all parameters was below 4 % for both the separation of three
replicates of 50 mg L' AHA in borate and Tris BGEs [Figures 3.1 (b) and (c),
respectively]. For three consecutive measurements of 50 mg L' AHA in rimantadine
hydrochlonde, RSDs for all measured parameters was greater than 15 %. For some
replicates, the pattern observed in the results was so different from the others that they
were not included in later calculations, as there were no reference points for comparison.
This is contrary to the results of Fetsch er al. (1998a), who report very low percentage
RSDs under the same conditions. This discrepancy may be due to differences in
procedures (such as capillary conditioning before and during analysis) or to the quality of
the HA analyzed. At this point, however, there is no clear explanation of why these
differences were seen. Due to the lack of reproducibility observed using the nmantadine
hydrochloride, this BGE was rejected for use, even though the results of some replicates
indicated that its use may allow a greater separation of the HA components.

To obtain a better perspective of the differences in the separation between
the two remaining BGEs (borate and Tris), samples were analyzed using the photodiode

array (PDA) detector with the CE system. Electropherograms were recorded from 190
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nm to 300 nm for the selection of a wavelength at which optimal absorbance occurs (i.e.
214 vs. 254 nm). The PDA is less sensitive than the UV detector, and was used only for
my initial exploratory work.

Due to the ability of covalent organic bonds to absorb in the UV spectrum,
there should be some continuity in absorbance throughout the wavelength range
measured. At lower UV wavelengths such as 215 nm, carboxyl carbon-oxygen bonds
dominate light absorbance, at 254 nm aromatic carbon-carbon bonds are the prevailing
absorbents, and at 300 nm carbonyl carbon-oxygen bonds dominate (Perkampus 1992).
All of these functional groups and molecular bonds are present in HS, so the response of
the HS separations at different wavelengths could indicate the nature of the functionality
of the separated fractions. Figure 3.2 presents the results of the separation of a 50 mg L
AHA sample in both (a) borate BGE and (b) Tris BGE. The absorbance response in
absolute absorbance units is lower than seen in Figure 3.1 due to the lower sensitivity of
the PDA detector. In the borate BGE, a peak is seen at approximately 2 minutes, which
is constant throughout the spectrum. This is consistent with a NaOH peak. To verify the
identity of this peak, a blank containing ddw and 10 M NaOH was analyzed and found
to have a similar absorbance and migration time. The NaOH peak is very different in the
Tris BGE; it appears as a negative peak at shorter wavelengths, and positive at longer
wavelengths. This is consistent with results seen in other organic BGEs, such as alanine
(Fetsch and Havel 1998).

To compare the results of the two separations to determine which BGE

would be used for subsequent separations, criteria of peak separation, humic hump
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Figure 3.2:

Comparison of BGE constituents: PDA results. Results
of the separation of 50 mg L' AHA in (a) 45 mM borate
BGE, and (b) 20 mM Tris BGE. Conditions are as

described in Figure 3.1 (b) and (c), respectively for (a)
and (b).
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differentiation and sensitivity in response were used. Theoretical plates and resolution
could not be directly calculated because two or more peaks, distinct from the humic
hump, were not quantifiable. The separation in the Tris BGE shows a less sensitive
response, save the initial water peak (not shown), than the borate separation. As well,
there is a more defined humic hump fraction in the borate, although this may be due to
the overall lower response seen with the Tris BGE. Finally, there are a greater number of
individual peaks seen in the electropherogram for the borate BGE [Figure 3.2 (a)] than
for the Tris BGE [Figure 3.2 (b)]. Thus, for all three defined criteria, the borate BGE
provides the better BGE for AHA separation, and borate was consequently chosen as the
BGE for subsequent experiments.

The use of borate BGEs for the characterization of HS has received
criticism due to an understanding of the effect of HS-borate ion complexes on the
separation of HS; the concentration of borate in the electrophoretic BGE can affect the
separation of the HS particularly for the characterization of HS fingerprints (Schmitt-
Kopplin et al. 1998a; Schmitt-Kopplin et al. 1998b). These authors propose that some
differentiated peaks in electropherograms of HS may be caused by complexation of the
hydroxy groups of boric acid or borate ions with cis-diol groups in the HA. They
observed that a large, very reproducible peak could be seen emanating from the humic
hump region for various soil-derived HA extracts. The migration time and amplitude of
this peak was found to be dependent upon the concentration of borate or boric acid in the
BGE, and not upon the concentration of HA in the sample. Figure 3.1 (b) shows a peak

(migration time = 6.8 minutes) very similar to that described by Schmitt-Kopplin and
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coworkers (1998a, 1998b). This peak, however, is not seen in subsequent analyses (see
section 3.1.2), and thus it is assumed that possible artifacts due to the use of borate BGE
are not a complicating factor for my studies. It is possible that the high concentrations of
HA (50 to 1000 mg L") used in my subsequent work (section 3.1.2) may mask the
interaction of borate ions and the HA. It is unclear what concentration of HS was used in
the Schmitt-Kopplin et al. studies (1998a; 1998b), but it appears to be as low as 50
mg L". As I did not observe these peaks for the lower concentration samples, my results
may differ t;ecause the concentration of borate in the BGEs used for my experiments (45
mM) are not high enough to cause discernable problems with complexation. Schmitt-
Kopplin et al. (1998b), however, observed the HS-borate complex for HS separations in
borate BGEs with a concentration as low as 0.5 mM. The reasons for the differences
between my results and the results of other researchers using borate BGEs are unclear.
My goal, however, was to separate the HS to the extent to which metal complexes (both
free metal and metal bound to the HS) could be analyzed, as well as to make some
generalizations regarding the nature of metal binding to various size and charge classes of
HS. Thus, the effect of HS-borate complexation was examined yet not considered a
detriment to the present study.

In both plots shown in Figure 3.2, a greater response is seen at lower
wavelengths; this is due to the increase in the types of chemical associations that are able
to absorb the shorter wavelengths, and is typical for HS (Keuth et al. 1998). Thus, at

higher A-values there may be a more specific response for the various functional groups

of AHA, yet the magnitude of the response, and therefore the sensitivity of the detector
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will be lower. At the lower wavelengths, higher responses are seen yet this may not be
due solely to the analytes of interest, but to a broader spectrum of organic and inorganic
components. Two wavelengths were chosen for subsequent work: 214 nm and 254 nm.
These values show substantial response for both the borate BGE and Tris BGE
separations. As well, they are typical wavelengths used in the literature for this work,

and thus will allow comparison to other works.

3.1.2 Application to AHA-Pb Samples

The ultimate goal of this work is to develop and evaluate a method for
analyzing HA and its interaction with metals using CE/ICP-MS. The separation of HA
using CE should be well characterized, especially upon addition of metal species that
have the potential to change both the mass and charge of the molecules. As well, some
observations may be made regarding the interaction of metal species and HA according to
their migration patterns using UV detection. With these goals in mind, an analysis of
AHA inoculated with varying amounts of Pb was analyzed using CE with on-line UV
detection.

Like other separation processes, CE results can be slightly different from
day to day, and are highly dependent upon the concentration of BGEs, capillary
conditions, and sample matrices. Thus, for each analysis, standards were run to evaluate
not only the day-to-day variability of the system, but also to estimate the reproducibility
of the separation itself. For this work, a solution containing 20 mg L sulfanilamide and

10 mg L™ benzoic acid was used. These analytes can be resolved using a borate BGE,
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and both show significant absorbance at the wavelengths analyzed (214 and 254 nm).
Although these standards are not components of the HA mixtures, they are used to
estimate the day-to-day variability that is due to instrumental and BGE differences. This
does not reflect error due to analyte composition and interaction with the sample matrix.
Thus, the variability in results estimated from the standard solutions represents the
minimum variation for the separation of the AHA.

The standard solution results for the following AHA-Pb analysis are
shown in Table 3.1. The migration times and peak areas for three replicates of the same
solution are listed, as well as their average, standard deviation and percentage RSD.
These peaks were highly reproducible in terms of both migration time and peak area

(percentage RSD <1 %). As this is a simplistic separation (only two analytes are

Table 3.1: Standard results for CE reproducibility. Migration
times (MT) and peak areas (PA) for a solution containing
20 mg L' benzoic acid and 10 mg L' sulfanilamide are
listed for three replicates. CE conditions are as in Figure
3.1 (b). Percentage RSD for both migration time and peak
area are low for both standard compounds (< 1%).

20 mg L™ benzoic acid 10 mg L' sulfanilamide

MT (min) PA MT (min) PA
replicate 1 2.94 259000 5.36 34100
replicate 2 295 255000 5.44 34300
replicate 3 2.95 255000 5.38 34500
average 2.94 256000 5.39 34300

% RSD 0.07 0.86 0.74 0.63
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separated), the systematic error associated with this CE unit was considered to be
approximately 1 %, although the error associated with the more complicated sample
systems often proved higher than this value.

The samples of AHA inoculated with Pb were analyzed according to
standard CE methods described in section 2.2. Briefly, they are as follows: 50 um ID
capillary; total length 65 cm (57 cm to UV window); 45 mM borate BGE; injection: 1 psi
for 10 seconds, or approximately 47 nL; +25 kV. Samples were run in triplicate, and a
representative electropherogram is shown in Figure 3.3 for each sample. The sample
concentrations were chosen as three representative ratios of metal to AHA (mass per
mass, metal: AHA): 1:100, 1:1000, and 1: 10000. Control samples consisted of AHA
with no metal added, injections of BGE solution and injections of blanks. It was assumed
that the lowest ratio of metal to AHA would guarantee the existence of free metal, as this
may be above the complexation capacity of AHA, whereas the ratio of 1:10000 would
allow the analysis of a sample with essentially all of the metal bound to the organic
ligands. A similar study used 10 mg L™ FA inoculated with 10 mg L"' Pb; in neutral
conditions less than 30 % of the metal was bound to the FA (Nordén and Dabek-
Zlotorzynska 1996). Considering that HA are not considered as efficient in binding metal
as FA, the concentration ratios used in my study should provide a range of metal
speciation for analysis.

Three different concentrations of AHA were used for this work: 50, 100
and 1000 mg L. The identification of the various peaks associated with these

separations can be seen in Figure 3.4. Peak 1 was apparent in all samples, including the
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Figure 3.4: Peak identification for analysis of AHA peak areas. Peaks |
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migration times as indicated in both (a) and (b) (water blanks
have only peak 1). Peaks 3 and 4 were evident in some of the
samples. Ail peak areas were determined from the baseline of the
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blanks, but not in BGE blanks. This peak represents the NaOH associated with the
sample matrix, and can be used to estimate the neutral migration (EOF) in the BGE under
the conditions stated. All AHA samples exhibited peak 2, which is the main component
of the migration of the humic material (i.e. the humic hump). Some samples also showed
a somewhat reproducible peak (percentage RSD,, < 25 %) arising from peak 2 (peak 3).
Peak 4 is only detected in the highest concentrations of AHA (1000 mg L™). The

migration times of these peaks are listed for each sample in Table 3.2, and the peak areas

Table 3.2: AHA-Pb analysis: Migration times. Peak migration times (MT) for
AHA samples inoculated with varying amounts of Pb. Peak ident-
ification is as shown in Figure 3.4. MTs are averages of replicates (n
= 3). Percentage RSD for all peaks is < 12 %.

conc. conc. peak 1 peak 2 peak 3 peak 4

(,,':‘gﬂél) (m:‘;;l) MT % MT % MT % MT %
(min) RSD (min) RSD (min) RSD (min) RSD

0 0 297 718

50 0 283 043 626 069 6.75°
0.005 281 0.3 630 [.11
0.5° 297 688 6.65 10.6

100 0 303 720 720 116
0.01 276 015 596 672 6.83 024
0.1 276 026 597 074 669 6.36
1 277 017 601 055 691 038

1000 0 274 114 622 047 725 007
0.1 274 023 626 30! 656 059 711 063
1 273 009 6.12 042 7.10 0.26

10 281 009 582 025 632 023 68 015

! Peak seen in one replicate only. ° Average and percentage RSD calculated from two replicates.
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in Table 3.3. The data given are averages of three replicates, and their associated error is

estimated as percentage RSD. For all migration times, percentage RSD is low (< 3.01

%), except for peaks seen in 50 mg L' AHA with 0.005 mg L' Pb and 100 mg L' AHA

with no Pb added. Blanks of 10° M NaOH also show a higher variability (RSD = 7.18

%), which reflects that they were run at intervals throughout the analysis as a quick and

simple measure of the variability between samples. Thus, the high variability of the

blanks reflects gradual changes in the BGE system or in the electrophoretic system as a

Table 3.3: AHA-Pb analysis: Peak areas. Peak areas (PA) for samples as in
Table 3.2. Peak areas are determined as indicated in Figure 3.4,
and calculated using PeakFit v.4. Areas are averages of replicates
(n = 3). Percentage RSD shows variation among sample subset:;

percentage RSD is greater for lower concentrations of AHA.

conc.  conc. peak 1 peak 2 peak 3 peak 4
AHA Pb 9% 9% 9% %
mgL™") mgL') PA pop PA pep PA pep PA pop
0 0 224  16.5
50 0 250 53 849 99 I7°
0005 310 83 776 &89
0.5° 343 274 1130 3.2
100 0 326 5.2 2010 74
0.01 507 103 1870 4.7 29 7.6
0.1 557 7.0 1990 2.1 21 12.1
1 626 7.9 1920 4.1 26 205
1000 0 273 9.3 13800 6.7 745  14.2
0.1 622 08 12600 6.3 1610 105 674 7.0
1 601 94 14000 2.6 555 226 610 98
10 571 4.1 13200 54 462 95 382 382

* Peak seen in one replicate only. ® Average and percentage RSD calculated from two replicates.



whole over the approximately 20 hours of this analysis. As the AHA samples were run
consecutively, the estimation of error should not be greatly affected, although limitations
in comparison between samples may be seen. There is large variability between the
migration times of the different peaks for samples of the same concentration of AHA, but
differing concentrations of Pb. This is most evident in the 1000 mg L' AHA set of
samples, as there is a linear relationship between the migration time of peak 2 and the
concentration of metal in the sample (R2 > 0.958, n = 3). This indicates that the average
size and charge is changing upon addition of metal. As well, as the migration time is
decreasing with increasing metal concentration, the addition of metal is making the
molecules both larger and of less negative net charge. The addition of mass (i.e. metal
ions) and subsequent reduction in charge reduces the effective migration time of AHA.

In terms of a reduction in migration time with increasing metal
concentration, my results are similar to those of Keuth et al. (1998) for 500 mg L' AHA
inoculated with 125 to 250 mg L™ “metals”. These authors also analyzed a second peak
seen after the humic hump that appeared to change with differences in metal
concentration. The migration time of this peak increased and the peak area decreased
with increasing metal concentration, presumably because the HA fraction with which the
metal was binding is of higher mobility. This peak was observed in the 1000 mg L™
AHA samples, and was identified as peak 4. Unlike the resuits of Keuth ez al. (1998), the
migration time of peak 4 decreases linearly with increasing Pb concentration (R*>0.863,
n =3). As is also noted by Keuth and coworkers (1998), my results indicate that peak

area of peak 4 decreases linearly with increasing metal concentration R*>0.925,n=13).
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Table 3.3 summarizes the areas of the peaks seen in the AHA-Pb analysis.
Unlike the migration times for these peaks, the peak areas have a higher range of
variability, in particular for the lower concentrations of AHA. For example, for peak 2,
the percentage RSD of 100 mg L™ AHA with 0 to 0.1 mg L' Pb ranges from 4 to 21 %.
No reasonable explanation can be found for this variability. Most likely, it is due to
insufficient sample to saturate certain sites on the capillary in the most dilute samples.
Indeed, there could be some interaction between the silanol groups of the separation
capillary and the functional groups of the AHA interfering with the separation. As
described earlier, Fetsch ez al. (1998a) found this to be a significant problem, and the
leading reason why most analysts study HA at very high concentrations using CE. High
concentrations (i.e. 1000 mg L) serve to dilute these problems, allowing for
reproducible results, but diminish the applicability of the method to environmentally
realistic samples.

One simple conclusion that can be made from these data is that CE may be
used to quantify HA in samples. A significant linear relationship is calculated (R* >
0.999, n = 33) between the area for peak 2 and AHA concentration. All data points were
considered for this regression analysis, as it appears that metal concentration has little
effect on the area of this peak. This idea has been proposed by others, and is of particular
interest as a simple and fast method for HA content (Rigol et al. 1994, Rigol et al. 1996).
The utility of this relationship may be limited to samples of known humic quality. In
other words, one would need to run standards of the same humic characteristics as the

unknown sample. Due to the complexity of the nature of HS, this is not practical for all
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applications. On the other hand, this could be a very useful method for quantification if it
were shown that the concentrations of different HS from many sources could be related to
the area of the humic hump using model compounds as standards. A method using
ultrafiltration to separate HS before CE analysis has been proposed that could possibly
serve this purpose (Rigol ez al. 1998).

Although some generalizations may be made regarding the effect of metal
ions upon the electrophoretic migration of AHA, little else can be concluded from these
results. Relationships can be seen for migration times of the humic hump with changing
metal concentrations; these relationships are significant, and they are explained by the
physical and chemical nature of the AHA. Changes in sorne minor features of the
electropherograms of AHA can be seen upon the addition of a metal species, such as the
peak area and migration time of peak 3. The change in migration time of this peak can be
explained due to physical and chemical changes occurring upon addition of metal, yet the
decrease in peak area with increasing metal concentration is more difficult to
conceptualize. This may be due to precipitation of AHA complexes with the metal at
higher metal concentrations, or coagulation and absorption to surfaces. Moreover,
changes to the molar absorbtivity of the HS-Pb complex due to metal binding to
chromophores will change the observed absorbance. These results do provide a
framework for understanding of the mobility of AHA in electrophoresis, results that will

be used to interpret the resuits of the analyses of AHA-Pb samples using CE/ICP-MS.
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3.2 CE/ICP-MS Interfaces: Design and Optimization

3.2.1 Introduction
One obstacle for the improvement of modern capillary electrophoretic

techniques is the ability to detect resolved analytes with the sensitivity needed for many
trace compounds, such as the case in common environmental applications. The limiting
factor for CE/ICP-MS is the ability to unite the two instruments such that effective and
efficient measurements may be made. This work describes the design and optimization
of two interfaces for CE/ICP-MS. The reader is directed to section 1.5 for an overview of
the work done in this area over the past 5 years since its first appearance in the literature.
Initially in this project, the direct injection high efficiency nebulizer (DIHEN) was used
as an interface; figures of merit for the optimization of this apparatus are presented, as
well as projected detection limits and relative suitability of this system. The second
interface, and the interface used for subsequent analytical procedures regarding the
analysis of HS, is the high efficiency nebulizer (HEN)/cyclonic spray chamber system.

Figures of merit for the optimization and validation of this interface are also presented.

3.2.2 The DIHEN Interface
The DIHEN is a novel micronebulizer designed to accommodate the
introduction of very low sample flow rates to ICP-MS or ICP-atomic emission
spectroscopy (AES). These low flow rates are useful when the sample volume is limited

(forensic or biological material), or the sample is toxic (limited exposure and production
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of waste is desired). In many of these cases, the sample is limited, expensive or contains
a large fraction of organic solvent (McLean et a/. 1998). For environmental chemistry,
these factors often apply, as the analyte of interest is present at very low concentrations,
or the analyte is toxic and is therefore a health concern in the laboratory. For
hyphenation of ICP-MS to CE, the DIHEN appears to be a logical source, as the EOF is
typically very slow and of smalil volume.

The initial test of this interface included the calculation of the sensitivity
of the interface for solutions injected for the typical use of the system (i.e. bulk solution
flow). To do this, the CE system was attached but no voltage was applied, such that the
capillary was filled with electrolyte solution and allowed to sit in the connecting cross
while make-up electrolyte was pumped through the system. The make-up electrolyte was
replaced with a tuning solution consisting of 5 mg L™ each of Cu, Mg and Rh, and 10 mg
L' Pb. The response of these analytes is reported as counts per second (cps) per mg L
metal in Figure 3.5 (a) and (b), for the optimization of RF power and nebulizer gas flow
rate, respectively. Linear responses are seen for ail metals as a function of increasing RF
power. The highest response was seen for all metals at the instrumental power maximum
(1500 W). This is indicative of the nebulization process using the DIHEN: the primary
aerosol produced by this nebulizer is injected directly into the plasma, without time for
desolvation as is typically seen in introduction systems using a spray chamber.
Subsequently, the analytes requires higher power to be effectively ionized, and there is a

greater risk of the production of oxides and polyatomic ions (McLean et al. 1998). Thus,
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the higher RF power is needed to ensure adequate atomization and ionization of the
metals.

The optimum nebulizer gas flow rate is very different than that typically
seen for the normal Scott spray chamber (0.44 L min™' as opposed to approximately 1
L min™") [Figure 3.5 (b)]. This optimal value is higher than that seen by McLean and
coworkers (1998) and Becker and coworkers (1999). These groups found the optimal
nebulizer gas flow rates to be 0.25 L min™ and 0.16 L min™, respectively. The difference
from the values observed in my work, and indeed the difference seen in the initial
optimization of this parameter for the DIHEN used in this study is attributed to changes
that occurred to the DIHEN during an accident involving the apparatus. The nozzle tip
was exposed directly to the plasma when an excess of O, was added to the Ar flow for
the plasma. The DIHEN was not significantly damaged and was used for subsequent
experiments. This must be considered, however, when evaluating the DIHEN as a
potential interface, as it was most probably not working as it was designed. The
nebulization did not appear to be affected, and the DIHEN's performance was comparable
to what it had been previously. The most obvious difference observed was the change in
the optimal nebulizer gas flow rate. The DIHEN, therefore, cannot be evaluated for its
potential performance, but rather is assessed for its post-accident performance.

The data in Figure 3.6 (a) show the response of several metals as a
function of make-up electrolyte flow. Significant regressions (R* > 0.970) are seen for
the response of all metals as functions of increasing flow rates. The significance of the

linear response of the metal response with increasing flow rate is seen most distinctly
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when compared to other introduction systems; systems including a spray chamber do not
show a linear response. Instead, efficiency decreases with increasing flow rates. The
purpose of the make-up electrolyte flow is to complete the electrical circuit for
electrophoresis and to add to the EOF volume for effective nebulization. This final effect
should be kept to a minimum, as the volume of the sample is so small that it could be
dramatically diluted in a large volume. This is not a great concern when using the
DIHEN, as the entire volume is introduced to the plasma, and therefore analyzed. Higher
flow rates could cause backpressure into the capillary, and thus minimal electrolyte flow
was preferred for the final set-up.

Improvements in detection limits as measured by direct comparison with a
traditional introduction system were measured for the DIHEN at a flow rate of 85
uL min" by McLean and coworkers (1998). Detection limits were further improved at
lower flow rates (11 puL min™') (McLean er al. 1998). In my work, the optimal flow rate
was found to be that rate at which no significant backpressure nor allowed suction was
observed, while providing adequate sensitivity for analysis. This flow rate was
determined through a series of checks. To test for backpressure, the separation capillary
was filled with a solution containing a marker (i.e. Sr) present in high concentration.
After a few minutes, during which the electrolyte solution flow rate was held at a
constant flow, the capillary solution was flushed through with pressure. Backpressure
would cause a lag time to appear between starting this flush and an increase in the Sr
signal. On the other hand, the lack of backpressure was indicated by an almost

immediate Sr response. To test for suction, the injection end of the separation capillary
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was allowed to rest in a solution of high concentration of Pb. After a specified time, the
capillary was flushed, and this solution analyzed. A peak of Pb in this flushing would
indicate significant suction. Using these methods, the optimal flow rate for the DIHEN
was found to be approximately 12 pL min™.

Figure 3.6 (b) shows the current as a function of voltage applied to the
electrophoretic system as measured when the CE was attached to the ICP-MS using the
DIHEN. A linear relationship between these parameters indicates that the BGE (45 mM
borate) is being used within its buffering capabilities for the voltages measured. This is
included as further evidence that there would appear to be no effect of the interfacing of
the instruments upon the normal electrophoretic functioning of the CE.

A typical example of the time plots of Rh and Sr during electrophoretic
separation is seen in Figure 3.7 (a). Rh (50 mg L") was added to the make-up electrolyte
and 200 mg L™ Sr was added to the CE electrolyte. As indicated in the figure, when the
CE voltage was applied, a rapid increase in the response of Sr can be seen. This shows
the EOF in the capillary in response to the applied current. The decrease in response is
very rapid, attesting to a fast washout time for the analyte within the introductory
capillary of the DIHEN. The Rh signal is steady throughout this electropherogram. This
indicates that the applied current or the addition of EOF to the total sample flow does not
effect the make-up electrolyte.

The response of the Sr in the CE BGE was sufficiently sensitive that its
presence was used as an indicator of sample run times. To clarify this statement, Figure

3.7 (b) shows a peak of Sr during sample injection. When analyzing data, time zero of
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itself. A very rapid increase in Sr signal is seen upon the application of
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the electrophoresis was adjusted to the observance of the tail end of this peak, and the
beginning of the response due to the EOF. “CE on” indicates this point on the figure.

One notable feature of Figure 3.7 (a) is the pattern of the Sr signal
observed within a few minutes of sample injection. There is an increase and subsequent
decrease (although this is somewhat erratic) of the response. This is presumably due in
part to an incomplete separation of Sr ions in the BGE solution. Thus, an increase is seen
in the concentration of Sr ions at approximately five minutes, which indicates that a
significant portion of these ions migrated in the electric field. The decrease soon
following this peak is due to the loss of mass to migration.

In a paper by Liu and coworkers (1995), the separation of a mixture of
metals was presented as a preliminary evaluation of their lab-built direct injection
nebulizer (DIN) that was used as an interface for CE/ICP-MS. Figure 3.8 shows the
results of a similar separation of metal species. The sample solution consisted of
| mg L' for each of Ba, Cd, Co, Cs, Cu, Mg, Mn, Ni, Pb and Tl. All metals are shown
separately for ease of interpretation, but were analyzed at the same time. The sample was
run in triplicate, and a representative electropherogram is shown. The percentage RSDs
for the migration time, peak area, and peak height were less than 10 %. The BGE used
for this separation was S mM phenanthroline (pH 8.75). There is not a great range in
migration time seen for the divalent metals (all metals but Cs and T1), and as these can
form complexes with phenanthroline, their separation is not well resolved due to low
apparent mass and charge differences. The migration times of the monovalent cations

(Cs and T1) are lower (199 and 209 seconds, respectively). As Cs is lighter (MW = 199)
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than T1 (MW = 204), the migration time is only slightly shorter. The majority of the
metals would be expected to be in ionic form at pH 8.75 and be complexed
phenanthroline, which will preferentially bind with hydroxyl species.

Further experiments were conducted to evaluate the utility of the interface
using the DIHEN. Figure 3.9 shows the results of a separation of a mixture of divalent
metals, at varying concentrations (0.2 mg L™, 1 mg L and 10 mgL™). These data are
used to calculate standard curves for the evaluation of detection limits. To ensure the
applicability of this analysis to later work with AHA, the CE separation conditions were
kept the same as those used for the analysis of AHA (i.e. 45 mM borate BGE, +25 kV,
etc.).

Mg is well resolved from the other metals in this separation, although the

migration times for Cu, Mn and Pb are similar. Table 3.4 summarizes the migration

Table 3.4: Statistics for migration times of metals. The
migration times (MT) are listed below for the
various metals separated using the DIHEN inter-
face. Values are averages of three replicates of
each concentration analyzed (n = 9).

MT (seconds) % RSD
Cu 560 2.9
Mg 331 2.0
Mn 574 7.2

Pb 524 4.9
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times, and respective standard deviations and percentage RSD for each metal (n =9). In

general, the earlier the migration time, the lower the percentage RSD observed. This is a

reasonable result considering the actual length of time of this separation (up to almost ten

minutes for Pb), and the ensuing slight differences in separation conditions that may exist

between runs. The longer the separation, the greater the chance of small differences in

conditions causing a greater effect on the results.

Table 3.5 summarizes all statistics calculated for the analysis of the metal

standards. Both peak areas and peak amplitudes are shown to illustrate the variability

seen in this experiment. In general, the variability, as measured by percentage RSD was

Table 3.5: Statistics for the determination of detection limits for the
DIHEN interface. All values are averages of three replicates.
Total concentration refers to concentration of all isotopes of
indicated metal; only one isotope of each metal is used for
analysis purposes (i.e. ®Pb is used for Pb).

total conc. PA amplitude
(mg L™ mean %RSD mean %RSD
Pb 0.2 15300 8.7 736 12.5
1 97100 15.9 6190 9.3
10 581000 15.1 65100 11.0
Mn 0.2 31600 19.9 925 18.1
b 159000 0.1 4960 7.0
10 1700000 5.6 118000 7.4
Mg 0.2 40600 9.0 3500 28.3
! 57400 174 8070 8.8
10 545000 8.2 68600 4.5
Cu 0.2 34900 24.5 1300 10.5
l 56300 11.9 3970 1.7
10 603000 6.4 14800 139
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higher for samples of low concentration than for higher concentrations. This relationship
with variability is noted for both the peak area and the peak amplitude. Calibration curves
for these data are shown in Figure 3.10, and the corresponding regression equations and
statistics are summarized in Table 3.6. Standard curves were analyzed for both peak area
and peak amplitude. In both cases, linear relationships are calculated, with R? values
greater than 0.990 for peak area, and greater than 0.970 for amplitude.

To determine the detection limits of this method, the linear regression for
amplitude was used. The detection limit was assumed to be the concentration
corresponding with 3 times the standard deviation of background noise. The detection
limits calculated using this method are summarized in Table 3.7. Absolute detection
limits are calculated assuming a sample injection of 47 nL, and were 9, 26, 3 and 4 pg for
Pb, Mn, Mg and Cu respectively. These values are quite high in comparison to detection
limits measured by others for the DIHEN (e.g. McLean et al. 1998). In fact,uptoa

factor of 10’ difference is noted in the literature (McLean et al. 1998). This is most

Table 3.6: Regression statistics for limit of detection analysis
(DIHEN). The result of the regression analyses for both peak
area (PA) and amplitude for a mixture of metals separated
using CE and detected with ICP-MS (n = 3). R? values indicate
significant linear relationships for all metals and parameters.

PA amplitude
equation g equation R
Pb y=107000x + 21800 0.996 y=12200x-2160  0.976
Mn y=170100x — 6820 0.999 y=12200x—4240  0.998
Mg y=66600x + 17900 0.998 y=8460x + 1790 0.999
Cu y=85400x + 10700 0.998 y = 1890x + 1820 0.987




1800000 - (a) area

1600000 - oPb
, R?>0.996
1400000 - .’
v’
1200000 - P SMn
m . R? > 0.999
@ 1000000 - ’
[,
s
3 800000 - AMg
6 . R? > 0.998
00000 - X Cu
200000 /*>0.998
0
10 12
140000 - (b) amplitude
&Pb
120000 - B R*>0976
S 100000 ,
K- Pikd EMn
] v R? > 0.998
5 80000 - ,*
Q [ 4
3 50000 - L~ 4 AMg
Eﬁ . ~ R/R?>0.999
& 40000 -
X Cu
20000 - L 4
R?>0.987

ause -
amm S——

0 2 4 6 8
concentration of metal (mg L)

10

12

Figure 3.10: Calibration curves for metal separation analysis using the
DIHEN interface. Regression analyses of (a) peak area, and
(b) peak amplitude are shown above, with R? values indicated

for each relationship.

81



82

Table 3.7: Detection limits for DIHEN interface. Limit of
detection (ug L") determined from calibration curves for
amplitude of metal peaks separated using CE and detected
with ICP-MS. Limit was calculated as concentration
giving a signal equivalent to three times the background
noise (from blank, n = 100). Absolute detection limit is

based upon a 47 nL injection.
detection limit absolute detection
(ug L") limit (pg)
Pb 203 9
Mn 544 26
Mg 70 3
Cu 84 4

certainly due to the accidental modification of the sample nozzle. By changing the shape
of the nozzle, there were probably changes in the ability of the nebulizer to produce a fine
and constant aerosol. Another factor affecting the magnitude of the detection limits is the
different applications for which the detection limits are derived. CE involves the
injection of minute sample volumes, and hence concentration differences in detection
limits will be great when comparing to normal liquid sample analysis.

This last issue raised is the main reason why the use of the DIHEN was
abandoned, and a more traditional CE/ICP-MS interface (HEN/cyclonic spray chamber)
was used instead. The DIHEN, despite the problems seen in this work, is gaining
popularity for CE applications (Majidi ez a/.1999). The reasons for this are its relative
ease of use, the ability to inject the entire capillary solution into the detector and the lack

of band broadening when a spray chamber is used in some applications of CE/ICP-MS.
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The analyte may interact to some extent with the spray chamber, causing a change in the
observed migration time and peak shape. The results of my work do not indicate that any
of these presumed merits of using the DIHEN are being realized, as the detection limits
are high or comparable to detection limits measured using a traditional CE/ICP-MS
interface (section 3.2.3). In is unclear if the results are indicative of the overall
performance of the DIHEN as an interface for CE/ICP-MS or if my problems were due
solely to the damage to the nebulizer tip. As I have no conclusive data from before the
accident, I am unable to posit any judgement based on my results. In comparison to
published data (McLean er al. 1998, Becker et al. 1999), however, it would seem that the

problems seen with the DIHEN might be due to the modification of the nebulizer tip.

3.2.3 The HEN/Cyclonic Spray Chamber Interface

The HEN/cyclonic spray chamber interface is a traditional method for
sample introduction, traditional in the sense that it has been used for many applications
needing low sample introduction rates and reduced waste production. One very
important aspect of the use of the HEN is the observation that efficiency of this system
tends to increase with decreasing sample introduction rates (Lui and Montaser 1994,
Olesik ez al. 1994). This becomes an important consideration when applying this system
to use with CE and ICP-MS. The objective is to achieve a sample introduction rate that is
as low as possible, although the addition of a make-up electrolyte is still needed to
complete the electrical circuit. The lower limit of sample introduction rates still allowing

for effective nebulization is between 5 and 10 uL min™ for the HEN, and at these rates
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near 100 % efficiency is observed for normal solution introduction (Lui and Montaser
1994).

The HEN/cyclonic spray chamber interface design can be seen in Figure
2.2 (section 2.3.1). The systemn was optimized in terms of sensitivity in a manner similar
to the DIHEN interface. One exception to these methods was the optimization of
nebulizer gas flow rates: an external source of Ar independent of the mass-flow controller
of the [CP-MS was used due to the high pressure needed for optimal nebulization. The
pressure of Ar that would provide the greatest sensitivity of a target analyte (Rh) was
determined by manually increasing the Ar pressure. This pressure was typically about
180 psi. Optimization of the other parameters (i.e. RF power and make-up electrolyte
flow rate) was determined automatically using the flow controls and power controls of
the ICP-MS system.

Figure 3.11 describes these optimization steps. In Figure 3.11 (a), the
signal intensity (cps per mg L) is shown as a function of RF power. Unlike the DIHEN
interface, this interface requires a much lower power input to the plasma for optimal
sensitivity. In fact, the optimal RF power is very low, as the maximum signal intensity is
seen for Cu, Rh and Pb between 650 and 700 W. This is essentially a “cool plasma”, that
has been used to change the background spectra from the ICP from one dominated by Ar”
(m/z 40), ArH" (m/z 41) and O" (m/z 16) to one consisting mainly of NO* (m/z 30), O,"
(m/z 32) and H30" (m/z 19) (Hill et al. 1999). Depending on the application, it may be
favourable to remove such interferences (i.e. 0K K, “Ca determination). As the

analyte of interest is Pb (as measured by 208p), there is little chance of interference from
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Figure 3.11: CE/HEN/Cyclonic/ICP-MS optimization I. The response of Pb,
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ions from either normal or cool plasmas. Lower power values were used, however, as the
highest intensities of signals were obtained, hence the overall sensitivity of the system
was assumed greater than at higher power. The need for cool plasmas in conjunction
with the HEN has not been noted in the literature. Pending further investigation, | cannot
explain why greater sensitivity was observed.

In Figure 3.11 (b) the signal intensity (cps per mg L") of Cu, Mg, Rh and
Pb are shown as a function of make-up electrolyte flow rate. All metals exhibit a
significant linear response (R > 0.960) with increasing make-up flow rate. In
comparison to the similar optimization step for the DIHEN interface, seen in Figure 3.6,it
was observed that the slopes of the equation were not as steep for the HEN/cyclonic spray
chamber. This is due to the loss of efficiency with the HEN at higher flow rates. In fact,
at flow rates above approximately 50 uL min™', the slope of this equation would decrease
dramatically because of a loss in nebulization efficiency. A larger fraction of the sample
would be lost as large droplets instead of being introduced to the plasma as an aerosol. It
is also of importance to note that at the make-up electrolyte flow rates that are of interest
for this application (i.e. < 15 uL min™) the two systems have comparable sensitivities for
the analytes measured. In fact, the signal intensity of Pb is much higher at all flow rates
using the HEN/cyclonic interface.

With the CE attached to the interface, the voltage was applied at
incremental values, and the observed current was recorded. These results can be seen in
Figure 3.12 (a). These data describe a linear relationship between current and voltage for

this BGE (R? > 0.999). The same results were obtained for this BGE for normal CE with
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Figure 3.12: CE/HEN/Cyclonic/ICP-MS optimization I1. Figures (a) and (b)
describe the results of various tests designed to ensure the proper
functioning of the CE while attached to the ICP-MS. Figure 3.12 (a)

shows the change in current measured as a function of applied voltage.

Figure 3.12 (b) shows the signal intensity of Sr (200 mg L™, added to
separation BGE) as a function of the rinse pressure. R? for linear
relationships are noted.
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on-line UV detection, allowing the conclusion that the termination of the separation
capillary within the flowing electrolyte system has no obvious effect on the
electrophoretic abilities of this system. If problems were occurring, one may expect to
see a deviation from this relationship.

The BGE used for the initial exploratory work with the CE/ICP-MS
interfaces was spiked with Sr to allow for the visual analysis of EOF. Figure 3.12 (b)
describes the response of Sr as a function of the pressure at which BGE was pushed
through the capillary. Pressure pushes are used to both inject sample onto the capillary
and to facilitate cleaning and surface preparation of the capillary for electrophoresis. The
pressure at which the BGE was forced through the capillary shows a linear relationship
(R* > 0.976) with the signal intensity (cps) observed for the Sr. This indicates that there
are no significant problems in terms of transferring the solution to the plasma; the
increase in pressure is seen clearly as an increase in sample reaching the detector.

A simple speciation scheme was used to validate the capability of the
CE/ICP-MS system to measure different species of the same metal. The synthetic
multidentate chelating agent EDTA (ethylenediaminetetraacetic acid) was mixed with Pb
in concentrations calculated using MINEQL (Tipping) to allow for part of the Pb species
to be bound with the EDTA, and part to be unbound, or free in solution. These
concentrations are 241 pM for Pb and 50 uM EDTA (50 mg L™ and 18.6 mg L™,
respectively). This solution was injected into the CE using the same BGE system used
with the AHA analysis. A representative electropherogram for this experiment is shown

in Figure 3.13 (a). Figure 3.13 (b) shows the single peak observed fora 50 mg L™ Pb
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Figure 3.13: EDTA-Pb separation. An electropherogram showing the separation of
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EDTA).
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solution. Upon injection of the EDTA-Pb mixture [Figure 3.13 (a)], the two species of
Pb are clearly resolved, and the peak shape is reasonably symmetrical, with no tailing in
either direction. This indicates that there is neither suction nor backpressure effecting the
EOF. Table 3.8 summarizes the results of this experiment. The percentage RSDs are
very low (< 1 %) for migration times of the Pb-EDTA sample peaks, and slightly higher
(< 5%) for the three replicates of the 50 mg L™ solution. The variability is higher for the

peak areas of both samples. This is most likely due to error associated with such small

Table 3.8: Results of EDTA-Pb analysis. Migration times (MT) and
peak areas (PA) for peaks observed for 50 mg L Pb
solution and EDTA-Pb mixture (S0 mg L™ Pb, 19 mg L'

EDTA).
peak 1 peak 2
sample MT (min) PA MT (min) PA
S50mg L’ Pb

replicate | 5.40 956210 - -
replicate 2 5.23 793690 - -
replicate 3 5.12 853600 - -

mean 5.25 867833 - -
% RSD 2.7 9.5 - -

EDTA-Pb
replicate | 5.51 528700 10.28 285800

replicate 2 548 593150 10.36 226458
replicate 3 5.55 621210 10.32 289295

mean 3.51 581020 10.32 267184
% RSD 0.6 8.2 0.4 13.2
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injections, and to the relative length of the migration times. As was noted earlier, the
error associated with peak parameters tends to increase with migration time, and could be
due in part to the greater chance for differences in instrumental and sample conditions to
show a greater effect in the results.

At the concentrations given for the analytes, the equilibrium
concentrations of Pb>* (unbound Pb) and Pb complexed with EDTA (EDTA-Pb) were
calculated to be 73.8 % and 26.2 % respectively. My results indicate an average of
68.5 % of the total Pb associated with the peak at 5.51 minutes, and 31.5 % of the total
Pb associated with the peak at 10.32 minutes. This would indicate that the first peak is
the unbound Pb and the second is the EDTA-Pb complex. The identity of the first peak
was confirmed by its similarity in migration times to the 50 mg L™' Pb sample without
EDTA. This order of migration is expected considering the relative size and charge of the
species; the large EDTA-Pb molecule, with relatively neutralized charge due to the
association of the Pb ion, would migrate more slowly towards the negative electrode than
the small, highly charged Pb. These results also indicate that there is little change in the
speciation of a sample as it is separated using this method. This is always a concern
when developing methods for speciation analysis, as any changes in the conditions of the
sample can compromise the original concentration of the various species. It would
appear from these results that the speciation of the Pb in this case is maintained through
to detection, and hence this can be assumed to be the case for the analysis of AHA in the

following experiments, particularly as the same BGE is used for these experiments.
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One important finding from this analysis is the observation that the
migration time of the free Pb>” peak (5.4 minutes) appears to coincide with the migration
time observed for humic material as presented earlier. In other words, it would be
difficult to distinguish the free Pb>* from bound humic considering the migration times

are similar. This issue will be addressed in the following section.

3.3 Analysis of AHA-Pb Samples by CE/ICP-MS (ICP-MS Detection)

3.3.1 Introduction

For the analysis of AHA samples using CE/ICP-MS, the HEN/cyclonic
spray chamber interface was used. This system was shown to be effective for the
separation of simple metal speciation systems (section 3.2.3). The separation of AHA
into reproducible peaks of gradient molecular classes with moderate homogeneity has
also been shown (section 3.1.2). As was previously discussed, a limitation to the analysis
of associated metal with AHA using CE is the lack of an elemental detector. The
combination of using CE to separate AHA, and ICP-MS to detect the associated metals is
desirable in that the fraction of metal that is not associated with the organic matter (i.e.
free) may be detectable using ICP-MS, as well as the relative amount of metal associated
with the various separated fractions of the AHA. The latter analysis may be
compromised, however, by the lack of resolvable peaks seen in the separation of AHA,
but rather the characteristic humic hump, which represents a gradient of molecular

classes.
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For this analysis, samples of 500 mg L' AHA were inoculated with 5, 25
and 50 mg L™ Pb. These solutions have concentrations of Pb varying from 10 to 100
mg Pb g”' AHA. The lowest Pb concentration should show the metal as completely
bound to the AHA, and the highest concentration should have some Pb free in solution,
considering the typical Pb binding capacity of most HA (40 to 125 mg g, Rashid 1985).
By varying the concentration of NaOH used to dilute these samples, subsets
representative of these concentrations under acidic, neutral and alkaline conditions were
made. In general, the binding of metal to the AHA can be described with the following
equilibrium equation:

M™ + AHA = M-AHA,

where M"" represents a metal in its ionic form, M-AHA represents some complexation
between the metal and the HA, and at equilibrium the forward reaction would balance the
reverse reaction. In acidic conditions, the Pb would be more likely to remain in solution
as a cation, or in reference to the above equilibrium equation, the reverse reaction would
dominate the equilibrium concentrations. In alkaline conditions, the hydroxy form of Pb
would be predominant in solution. As well, increased stability of AHA-Pb complexes
would be observed:; the forward reaction would dominate.

The binding ability of the organic matter is also affected by the pH of the
solution. The functional groups of the AHA have pK, values between 3 and 5 (Schmitt-
Kopplin ez al. 1998b). Thus, at a pH between 3 and 5, some but not all of the functional
groups would be deprotonated, and there would be significant competition between metal

ions and protons for these binding sites. Under neutral conditions, the functional groups
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would be deprotonated and available for binding with cations. Under alkaline conditions,
the functional groups would most certainly be deprotonated, as would most other species,
and there would be competition among these potential chelators for metal binding. By
choosing to analyze AHA solutions of different metal concentrations over the range of
pH, different binding patterns should be discemnable, as well as the relative concentrations
of free and bound metals.

The following discussion of my results of the analysis of AHA-Pb samples
using CE/ICP-MS is divided into several sections. The first looks at the issue of
reproducibility of sample electropherograms, followed by a discussion of a mass balance
approach to the interpretation of the results. Then general trends observed for samples of
increasing Pb concentration will be presented followed by a discussion of these trends as
a function of solution pH. Finally, an overall interpretation of these trends and an

evaluation of the analytical procedure will be presented.

3.3.2 Pb Standard Results, HEN/Cyclonic LOD
To determine the amount of Pb associated with AHA samples, Pb
standards were first analyzed using CE/ICP-MS. Concentrations of 0.2, 0.5, 1 and 10
mg L' were injected into the capillary and separated in a 45 mM borate BGE (standard
CE conditions as defined in section 2.2). The migration times, peak areas and peak
amplitudes of the resulting Pb peaks were determined. The results of this analysis, as
well as the statistics for the consequent standard curves are presented in Table 3.9. The

mean migration time for the Pb peak is 4.77 minutes. Both peak area and peak amplitude
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Table 3.9: Pb standard data. Migration times (MT), peak areas (PA) and
amplitudes of Pb standards are listed. The regression analysis
equations and percentage RSD are indicated for peak area and
amplitude analyses (n = 3 for each standard).

conc. Pb MT PA amplitude
(ppm) (min) % RSD % RSD % RSD
0.2 4.94 15 345000 4.8 23200 6.2
0.5 4.78 0.5 595000 2.0 52100 9.4
| 4.69 2.3 852000 13.7 92300 4.1
10 4.67 46 6470000 7.7 894000 3.6
equation: equation:
overall mean = 4.77 y = 623000x + 244000 y = 88900x + 5540
overall % RSD = 2.6 (R?> 0.999) (R*>0.999)

is positively correlated to standard concentration. The R? values for both equations are
very high (R*> 0.999). For the analysis of the Pb concentrations seen in the AHA-Pb
analysis, however, peak amplitudes could not be used, as some peaks were very broad, or
consisted of several smaller peaks. Furthermore, it was found that the majority of peaks
analyzed in the AHA analysis had peak areas less than the calculated intercept value of
the calibration curve for peak area. Thus, the equation was modified such that it was
forced through the origin. This is comparable to the assumption that a concentration of
zero would have shown no peak area. While this may be intuitive, it does not account for
the limits of quantification and detection inherent in a method, or for background
concentration. This new calibration curve is shown in Figure 3.14. The resulting
equation showed little difference in the slope, and the R” is still high (R* > 0.999). Due

to the minimal effects on the significance of the regression, and the inability to analyze
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Figure 3.14: Calibration curve for determination of Pb concentrations. Peak areas
for standard concentrations of 0.2, 0.5, 1, 10 and 50 mg L™ Pb used to
determine the concentration of Pb in the peak analysis of AHA samples.
Separation conditions are as in Figure 3.3 (b). The standard curve was
forced through the origin to allow for the analysis of peaks with low
areas. This caused little difference in the statistical significance of the
relationship (i.e. R? > 0.9999 when not forced through the origin).
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peak areas without modifying the original equation, this second equation was used as the
calibration curve for the AHA analysis.

The LOD for the HEN/cyclonic interface could also be calculated for Pb
using the calibration curve. The LOD was estimated from the extrapolated concentration
of metal that would correspond to a peak amplitude that is three times the standard
deviation of typical background amplitude. The LOD is 9.9 ug L™, or in absolute mass
terms, 0.5 pg (based on a 47 nL injection). This is more than ten times lower than the Pb
LOD calculated for the DIHEN interface (see Table 3.7). The relative LOD for other
elements were not measured, so no other comparisons between interfaces may be made
according to LOD. A comparison of Figures 3.6 (a) and 3.11 (b), which show the
respective signal intensities of several elements as a function of make-up solution flow
rate for the DIHEN and HEN/cyclonic interfaces respectively, indicates that the
HEN/cyclonic interface is more sensitive for Pb. This may not be the case for other
elements. This, however, does indicate that the HEN/cyclonic interface may be more

appropriate under the conditions used for the analysis of Pb interactions with AHA.

3.3.3 Estimation of Variability

The typical electropherograms observed for AHA samples inoculated with
Pb are quite complex, and thus need a brief explanation of the process used to analyze
themn, as well as a description of the reproducibility seen for each sample. To illustrate a
typical result, Figure 3.15 shows two replicates of the same sample separated in the same

electrophoretic conditions used for the previous AHA-Pb UV analysis. Of course, the
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Figure 3.15: Reproducibility of AHA-Pb CE/ICP-MS analysis. Two replicates
of one sample (500 mg L"' AHA, 50 mg L' Pb, pH 6-7) are shown.
The overali pattern of separation is similar, with the majority of Pb
seen in a large peak from approximately 6 to 8minutes, and a more
defined peak seen between 8.5 and 9 minutes. The inset plot on each
figure shows the relative signal intensity for the push peak (see text

for explanation).
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main difference in this analysis is the use of ICP-MS to detect and record the sample’s
separation in terms of its Pb content, rather than the organic component of the sample.
Similar patterns can be seen in the electropherograms from both the CE/ICP-MS analysis
and in the UV analysis (for comparison, see Figure 3.3): the majority of the Pb is seen in
a very wide peak from 6 minutes to approximately 8 minutes, and a smaller peak of a
more narrow and defined shape is seen between 8.5 and 9 minutes. The results in Figure
3.15 indicate that the migration times for the first peaks of both Figures are essentially the
same (percentage RSD < 1 %), but there is a 10 % difference in the migration time of the
second peak. As well, the percentage RSD for area and amplitude of both peaks are quite
high (< 25 %). This was generally the case for all samples analyzed, and it is unknown
why the variability is so high.

The variability of the CE system was measured prior to all analyses using
the standard mix, as described in section 3.1.2, and the variability as measured as
percentage RSD for peak migration and area was at or below the levels described for the
standards therein (see Table 3.1). As well, the simple speciation schemes described
previously, such as the metal mixture and the EDTA-Pb sample, did not show such a
disparity in reproducibility. Furthermore, the migration times, peak areas and amplitudes
of the Pb standards used in this analysis (see section 3.3.2) are very reproducible.
Accordingly, it appears that the variability in the AHA-Pb samples must be due to some
effect of the sample, and not due to the CE/ICP-MS system. To continue the analysis,
however, the variability of replicates was assumed to be approximately those values

measured for the replicates shown in Figure 3.14 (i.e. ~ 10 % for migration time, ~ 25 %
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for peak area and amplitude). A representative electropherogram of each sample was
chosen for the bulk of the data analysis to allow concise comparisons to be made between
samples. The replicates were chosen on the merits of their mass balance results. This is
described in section 3.3.3.

The peak ranges are identified in Figures 3.16 to 3.18, which show the
results of the AHA-Pb CE/ICP-MS analysis. The peaks are indicated on each
electropherogram. As most samples show a number of peaks at various times and of
differing size and shape, a standardized method for identification and quantification of
the peaks was used to allow for a quantitative analysis of the data. Peaks were analyzed
according to a general range of migration times and the total area for that range added
together. For example, in Figure 3.16 (a), the areas of any peaks from zero to six minutes
would be considered peak A. Peak B is the sum of the areas of peaks between six and
nine minutes, peak C between nine and twelve minutes. These time ranges were chosen
by observing all samples, and dividing the areas into sections that represent ranges that
show change between samples. Also, the migration time of the Pb standard solution was
considered; at approximately 5 minutes, the free Pb should be observed. Peak A will
incorporate this peak, and will considered for the identification of all peaks.

Additionally, comparison to the electropherograms seen in the AHA-Pb UV analysis (see
Figure 3.3) allows some conjecture of peak identities to be made.

The peak A period represents a migration time zone in which generally the

large humic hump is not observed, and also encompasses the times at which Pb standards

are typically seen (see section 3.3.2). Peak A is where the unbound Pb is expected to
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Figure 3.16: AHA-Pb CE/ICP-MS analysis: Acidic samples. 500 mg L"' AHA
solutions inoculated with (a) 5, (b) 25 and (¢) 50 mg L' Pb are shown.
Dotted lines indicate peak migration time ranges as defined in the text.
For (b) the range of peak B is 6 to 9.5 minutes, and peak C is 9.5 to 12
minutes.
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Figure 3.17: AHA-Pb CE/ICP-MS analysis: Neutral samples. 500 mg L™ AHA
solutions inoculated with (a) 5, (b) 25 and (c) 50 mg L Pb are shown.
Dotted lines indicate peak migration time ranges as defined in the text.
For (c) the range of peak B is 6 to 8.3 minutes, and peak C is 8.3 to 12
minutes.
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Figure 3.18: AHA-Pb CE/ICP-MS analysis: Alkaline samples. 500 mg L' AHA
solutions inoculated with (a) 5, (b) 25 and (c) 50 mg L' Pb are
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appear. Peak B represents the times at which the majority of the humic hump is
observed. Peak C represents a migration time range that is later than the humic hump.
Finally, at 12 minutes, the contents of the capillary were flushed with nitric acid and
pushed towards the detector, allowing the analysis of any residual sample. In all cases Pb
is detected in this “push”, hence the final peak analyzed is referred to as the push. The
push can be seen as in the inset for both electropherograms in Figure 3.15. The possible
identity of the push Pb will be discussed in detail in section 3.3.4.

Three exceptions to the peak migration times as defined above were made
for the analysis. The exceptions were made due to the observance of a narrow defined
peak that was generally seen in the peak C range, after the large Pb signal which was
assumed to be associated with the humic hump (peak B). These exceptions are noted by
changes in the division of peaks in Figure 3.16 (b), 3.17 (c) and 3.18 (b). For the
electropherograms seen in Figures 3.16 (b) and 3.18 (b), peak B appeared to be longer,
and therefore the migration time range for this peak was extended to 9.5 minutes. For
Figure 3.17 (c), the humic hump of peak B appeared shorter and the narrow peak of peak
C appeared earlier, and the migration time range of peak B was therefore shortened to

end at 8.3 minutes, and the length of peak C extended accordingly.

3.3.4 Mass Balance
As discussed previously, the replicates of a given sample were evaluated
using a mass balance approach. The samples were analyzed according to the total Pb

observed in both the peaks of the defined migration time ranges of the electropherogram,



105

and in the push. The total Pb was determined as a concentration relative to the calibration
curve calculated from the Pb standards and shown in Figure 3.14. Again, Figures 3.16
through Figure 3.18 are the representative results of the separation of samples for this
AHA-Pb analysis (i.e. “average” electropherograms of complex separations are difficult
to present). The results are grouped by the pH value of the sample, such that Figure 3.16
presents the electropherograms for the 500 mg L™ AHA samples with pH < 6 (acidic) and
(@) Smg L' Pb, (b) 25 mg L™ Pb and (c) 50 mg L' Pb. The data is presented in the same
manner for neutral samples (Figure 3.17) and alkaline samples (Figure 3.18). Ranges for
migration times of peaks A, B, and C are indicated on all electropherograms.

A mass balance of the sample electropherogram was done in the following
manner: peak areas were determined for all peaks and the approximate concentration of
Pb associated with each peak calculated from the calibration curve for Pb standards
(Figure 3.15). As the same volume of standard and sample were injected, the interpolated
concentrations of the peak areas could be directly measured. Thus, the relative
concentrations contributed by all peaks in each electropherogram were determined,
including the push. The total Pb should be the same as the concentration of Pb added to
the sample, assuming there is minimal loss of Pb during the electrophoretic process. In
all cases, these values were similar within a wide range of variability; the S mg L™
samples were up to 100 % higher in Pb than the added amount (e.g. total peak areas
indicate that sample Pb concentration is 10 mg L). The variability decreased with
increasing Pb concentration (i.e. all 50 mg L™ replicates were within 10 % of the actual

mass). Representative electropherograms were chosen from this analysis; those replicates
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that were closest to the actual value of Pb added were used for further analysis. The total
Pb concentrations of the samples were not determined by any other analytical means, and
thus the actual concentrations can only be predicted from the known volumes and
concentrations added to the solutions.

Figure 3.19 shows the relative contribution of each peak range to the total
concentration of Pb in each representative sample. The samples are grouped according to
the concentration of Pb added (theoretical concentration) to the 500 mg L™ solution of
AHA. For example, Figure 3.19 (a) shows the neutral, acidic and alkaline AHA solutions
with a Pb concentration of 5 mg Ll In all cases, the measured concentration of Pb is
indicated at the top of the bar for each data set. The greatest difference between
theoretical concentration and measured concentration is for the acidic S mg L' sample:
the concentration measured differs by 32 %. The neutral and alkaline samples differ by
10 and 16 % respectively, from the theoretical Pb concentration of S mg L. This is
possibly due to experimental error in making the solutions. For the 25 mg L"'samples,
there is less than a 25 % difference between the measured values and the theoretical
concentrations. The 50 mg L™ samples show the greatest correspondence with their
theoretical concentrations, showing a 4 % difference for both the acidic and neutral
samples, and 2 % for the alkaline. Again, as the true values were not measured, it is
difficult to assess how accurate these numbers are, but this analysis serves to allow a

basis for discrimination of samples for further analysis.



107

(a)5mgL” (b) 25 mg L

Pb concentration (mg L")
Pb concentration (mg L")

neutral alkaline
—_
(c)50mg L :‘eo-/ 8 52 51 -

- Bpeak A
h

E peak B

8

E Opeak C

c

§ 20 Epush

8

a

o

acidic neutral

alkaline

Figure 3.19: Mass balance results. The total Pb measured in each peak for all
samples. Total concentration of Pb for each sample as caiculated as the
sum of all peaks is indicated at the top of each bar.
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3.3.5 General Trends

One objective of this experiment was to develop a method to determine
the free or unbound metal associated with a sample of HA. Moreover, this method was
hypothesized to allow for the comparison of metal binding among separated fractions of
HS. From the initial work done looking at the mobility of HA in CE with UV detection,
the majority of organic matter was found to migrate as a humic hump representing a
gradient of size and charge classes. This would initially appear to limit our ability to
analyze “fractions” for metal interaction, as there is usually one discernable peak
resulting from the separation.
Despite this seeming limitation, general trends can be observed for the samples, both in
terms of concentration dependent trends, and changes in binding patterns according to pH
of the solutions.

The results for the acidic samples of varying Pb concentration can be seen
in Figure 3.16. The magnitude of the signal intensity increases with Pb concentration. A
small peak can be seen in the peak A range for both the 25 and 50 mg L' samples. This
peak does not have a linear relationship with Pb concentration, and has approximately the
same area in both samples. For all electropherograms, there appears to be a large peak
that corresponds to the humic hump seen in the UV analysis; this is defined as the peak B
migration time range. There is a narrow peak in the peak C range that has a similar
migration time for all samples (migration time = 9.7 minutes, percentage RSD = 2.7 %).
The amplitude of this peak increases linearly with increasing Pb concentration (R* >

0.996).
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In Figure 3.17 the electropherograms of a neutral AHA solution according
to their added Pb concentrations are shown. An obvious observation of these samples is
the increase in Pb signal intensity measured for peak areas seen in the electropherograms
as more Pb is added to the solution. Small peaks are observed in the peak A range, yet
they remain relatively constant throughout the range of Pb concentrations analyzed.
Assuming again that the large peaks seen in peak range B represents the metal bound to
the humic hump, the average migration time of this fraction can be observed to be
decreasing with increasing Pb concentration. As shown in the UV analysis of AHA-Pb
samples, the binding of metal tends to increase the size of the AHA, leading to a
shortened migration time under these electrophoretic conditions. As well, the narrow
peak observed in the acidic samples is observed, although the migration times changes a
great deal between the 25 mg L sample and the 50 mg L' sample, and is not distinctly
observed in the 5 mg L' sample. Again, a linear relationship is observed for the
amplitude of this peak as a function of Pb concentration (R? > 0.926).

The alkaline sample results can be seen in Figure 3.18. Small peaks are
observed in the peak A range, but there is no relationship between the amplitudes or areas
of the peaks observed and the Pb concentration of the samples. The Pb associated with
the humic hump can be observed in all concentrations; the magnitude of the signal
intensity for these peaks increase with increasing Pb concentration. The pattern of these
peaks changes with concentration as well. The presumed humic hump is wider for the 5
and 25 mg L"' samples [Figure 3.18 (a) and (b), respectively] than for the 50 mg L™

sample [Figure 3.18 (c)]. Again, a narrow peak is observed in the range of peak C but its
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amplitude does not have a significant linear relationship with the concentration of Pb
added to the solutions.

What is unclear from these electropherograms is the identity of a peak that
is the free Pb, or unbound metal in solution. As well the push peak, the magnitudes of
which can be seen in Figure 3.19 in comparison to the defined A, B and C peaks requires
discussion. The push peak comprises more than half of the observed Pb in the
electropherograms for both the 25 and 50 mg L™ samples of all pH values. It also
embodies a significant portion of the Pb for the 5 mg L' samples of acidic and neutral
pH. Each peak will be discussed in turn, and tentative assumptions of the identity of each
peak will be presented.

If unbound Pb is mostly cationic at the pH of the solutions analyzed, peaks
seen in the peak A zone should represent this unbound Pb, as observed for the Pb
solutions injected as standards (see Table 3.9). There are small peaks evident in almost
all electropherograms in the migration time range of peak A. As well, one may expect
these peaks to get larger with increasing metal concentration, as there should be more
unbound Pb at higher concentrations. In Figure 3.20 (a), the concentrations of peak A for
all samples analyzed can be seen. Converse to my prior assumption that the free Pb
should be seen in peak A increasing linearly as a function of Pb concentration, an
opposite trend is observed for all solutions. In fact, a linear decrease is observed in this
peak for both the acidic and neutral solutions. From this evidence, if it is assumed that
the free Pb is increasing with Pb concentration; it appears that the free metal peak is not

seen in the migration time range of peak A for any of the solutions.
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Figure 3.20: Relative concentration of peaks for all samples I. Pb concentra-
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In Figure 3.20 (b), the Pb concentrations for peak B of all samples are
shown. In all solutions, there is a significant linear relationship between the peak area
and the Pb concentration of the sample. As I have previously defined this peak range to
encompass the humic hump observed in the UV analysis, these relationships indicate that
more metal is being bound to the AHA with increasing Pb concentration under all
conditions of pH. This indicates that the range of Pb concentrations used for this analysis
does not exceed the complexation capacity of the AHA. In other words, if the maximum
amount of Pb that the AHA could bind were between 25 and 50 mg L."', a steady state
should be reached in terms of Pb concentration for this peak. The relationship observed
for the acidic samples, however, has a lower R? than for the neutral and alkaline samples.
Under the conditions of high acidity, the complexation capacity of AHA should be
reduced due to higher competition for binding sites with H*, and the increased stability if
the cationic Pb species. As well, the observed Pb concentrations between the 25 mg Lt
sample and the 50 mg L' sample are within the estimated percentage error for the
measurement of peak B. This could indicate that complexation capacity for the acidic
samples is between 25 and SO mg L™'.

As was indicated previously, there was a narrow peak observed in all
electropherograms within the peak C period. The amplitude of this peak was found to
have a significant linear relationship with Pb concentration. However, the area of this
peak does not have this same relationship, as shown in Figure 3.21 (a) for all samples.
The relationships observed for this peak in terms of amplitude and the overall magnitude

of the areas observed, however, indicate that this peak could represent the free Pb, or at
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least a portion of this species in the samples. For example, from my assumption of the
relative binding abilities of AHA under different pH conditions, I believe that the most
unbound Pb wouid be observed in acidic samples, and the least in the alkaline. Save the
large peak area observed for the neutral 50 mg L™ sample, this trend can be seen in
Figure 3.21 (a), indicating that under the different pH conditions, this peak is larger for
the acidic and neutral samples than for the alkaline samples. As well, the linear
relationships observed for the acidic and neutral samples in terms of peak
amplitudesupport this hypothesis. Assuming the complexation capacity of AHA is
greater under alkaline conditions, an increase in Pb concentration would not necessarily
increase the unbound Pb at the concentrations analyzed, especially if all Pb was being
bound to the AHA. If the complexation capacity were reached in the acidic and neutral
samples, there would certainly be an increase in the relative concentrations of free Pb.
One consideration that needs to be made regarding peak C as being the
free Pb is the migration time observed. The average migration time for the Pb standard,
which was presumably in its cationic form was 4.77 minutes. The average migration
time of peak C is 9.7 minutes (percentage RSD = 5.7 %). This is clearly very different
than that observed for the Pb standards. The Pb standards, however, were very acidic
(i.e. pH < 2) as they consist of Pb in nitric acid. Under these conditions, the Pb may
maintain its cationic form in the alkaline BGE used (45 mM borate, pH 8.5). The acidic
samples of this analysis ranged in pH values from 4 to 5. This may be enough of a
difference to change the free Pb from its purely cationic form (i.e. Pb*") to complexes of

negative charge when associated with the alkaline components of the separation BGE
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(1.e. OH"). This would change the migration of the “free” Pb in the electrophoresis, and
could explain its late migration time. Standards of similar pH would need to be analyzed
to confirm this conclusion.

Finally, the identity of the push peak must be addressed. For all samples
analyzed, there is a significant linear relationship between the concentration of Pb added
to the solution and the peak area observed for the push [Figure 3.21 (b)]. For all
conditions of pH, there is a significant linear relationship between Pb concentration of the
push peak and Pb concentration in the solution (R? > 0.946). It must be noted that no
additional organic material was ever noted during the AHA-Pb UV analysis after 12
minutes of separation. It cannot be directly inferred from that data, therefore, that some
Pb-bound organic material is left behind in the capillary. As well, there was no additional
metal noted in any of the previous analyses (i.e. metal separation, EDTA-Pb, standard
calibration curve analysis) using [CP-MS. Thus, it cannot be inferred from those data
that this push peak is residual metal, either free or bound, left in the capillary solution
after separation. The push is seen in all samples as a sharp peak around 12.5 to 13
minutes. As flushing by pressure is started during each sample analysis at 12 minutes, the
lag time seen before the beginning of the push peak may allow some speculation on the
source of this Pb. The migration time indicates that the Pb originates at the injection side
of the capillary, as it would take roughly 30 seconds to flush the capillary at the low
pressure used for rinses for CE/ICP-MS work (~ 5 psi).

The Pb could be at the injection side of the capillary for two reasons: it has

remained there since injection, or it has migrated to the positive electrode in spite of the
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EOF. There is a strong possibility that some AHA could bind with the silanol groups of
the capillary, and thus maintain bound Pb with it. Fetsch and coworkers (1998a) claim
that HA binding to capillary walls is the main reason why most low concentrations of
organic matter are not detectable in CE applications. One would assume, however, that
this would occur not only at the injection end of the capillary, but throughout the
capillary. This could be the case, however, as the capillary is flushed with 2 % nitric acid
for this push peak: the metal may only be removed from its association with the capillary
wall by the acidic solution, and would therefore appear as a single peak regardless of its
origin within the capillary.

Alternately, cationic Pb could associate with the silanol groups of the
capillary. If this were the case [ would have noted push peaks in the Pb standard
solutions. If the Pb were migrating to the positive electrode, they would need to be in
negatively charged complexes whose migration to the electrode was not overcome by the
EOF. Such complexes could be possible in the alkaline BGE used for these analyses, but
again, they would also have been observed for the Pb standards. This discrepancy has
been previously discussed, and the differences in the pH of the standards and those of the
AHA solutions analyzed may explain the observed differences in migration times. In
particular, one would need to understand the difference in speciation of the Pb observed
as peak C, and that which is not observed until the push. The push Pb could also be
complexed with alkaline components of the BGE, but so small that its migration in an

electric field toward the positive electrode is greater than the force of the EOF. Thus, it
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would never be observed at the detector end of the capillary, and can only be analyzed
during flushing of the capillary.

I can therefore conclude that there are two possible identities of the push
Pb seen for all samples. First, it may consist of Pb that is bound to AHA that, in turn, has
associated with the silanol groups of the capillary walls. AHA has been observed to do
this in other studies, particularly at the high concentrations used in this experiment
(Fetsch et al. 1998a). Thus, the push would represent Pb bound to AHA. The second
alternative is that the push represents Pb that is not bound to AHA, but is not in the
species-form consistent with the Pb standard analysis. In this case, we would be
observing inorganic Pb species as may be seen in pH solutions higher than four, such as
complexes with the hydroxide ion. Assuming this species is very small, of negative
charge, or even easily associated with silanol groups if of positive charge, the push would
represent the free Pb that is not associated with the AHA.

To distinguish these hypotheses, the relative concentrations of free and
bound Pb have been shown in Figure 3.22 according to the assumptions of each
hypothesis. Figure 3.22 (a) shows the push peak as Pb that is bound to AHA associated
with the capillary wall, and hence did not migrate through the capillary during
electrophoresis. In this case very little change in the free Pb is observed in solution for
any of these samples, either when looking at them by pH subset, or by the concentration
of Pb added to solution. The bound Pb concentration, on the other hand, is highly
dependent upon the total Pb concentration, as indicated by the statistically significant

relationships calculated (R*>0.979). An ANOVA of the free concentrations reveals that
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there is no statistical difference between the concentrations of any of the free peaks. This
would indicate that the amount of free Pb in all solutions, regardless of pH or total Pb
concentrations has the same amount of free Pb. Consequently, the bound concentration is
simply the total concentration of Pb less the average free Pb concentration (1.7 £ 0.7
mgL™).

The calculations for hypothesis | would indicate that the complexation
capacity of the AHA has not been reached using the concentrations of both Pb and AHA
used for these experiments. This is indicated by the negligible change in free Pb
concentration, and the high dependence of the bound concentration upon the Pb
concentration of the solution. These data support this hypothesis for several reasons: the
range of complexation capacity for most HA is between 40 and 125 mg Pb per g HA
(Rashid 1985). My highest concentration has 100 mg Pb per g HA. AHA are
commercial soil-derived HA, and have been shown in many studies to be a reasonable
analog of aquatic HA, but may have a higher complexation capacity due to increased
functional group density. Thus, my highest concentration of Pb may not represent a fully
saturated AHA-Pb, and it would stand to reason that the compiexation capacity has not
been reached in these samples. In this situation, one would expect to see the free metal
concentrations be negligible or at least very low, as is the case as depicted in Figure 3.22
(a). Alternately, one may expect to see an effect due to the pH conditions of the sample
than is indicated by these samples. Slight differences are noted qualitatively (e.g. overall
there appears to be a greater concentration of free Pb in the acidic samples than the

alkaline), but these differences are not statistically significant.



The alternate hypothesis is shown in Figure 3.22 (b): the push peak
represents metal that is not bound to AHA but is associated in other inorganic species that
are not detectable using my CE methods. In this scenario, the concentrations of both the
free and bound Pb are linearly related to the concentration of Pb added to solution. In
other words, as the concentration of Pb is increased for each solution type, both the
amount of free Pb and the amount of bound Pb increase, and are thus dependent on the
total Pb concentrations. An ANOVA reveals that there is a significant difference
between the concentrations of Pb associated with the free and bound peaks according to
the concentration of Pb added (P < 0.005,n =9). The ANOVA, however, also reveals
that there is no significant difference between the results seen for the acidic, neutral and
alkaline samples. In other words, there appears to be no effect on the relative
concentrations of free or bound Pb according to the relative acidity of the sample
solutions.

Hypothesis 2 also represents a viable explanation of the data seen in this
study; considering literature values for the complexation capacity of AHA, my
experimental conditions may well represent samples within that range. This is
manifested in the small changes in the bound concentrations that are seen as a function of
Pb concentration in relation to the large increase in the free concentrations observed. As
indicated in Figure 3.22 (b), the concentration of bound Pb is shown to be dependent
upon the concentration of Pb added to solution as a linear function. A closer examination
of these data is shown in Figure 3.23. The data are shown as a function of pH of the

sample solution with each series representing the concentration of Pb added to the sample



12 -
10 -
—A
8 -
-_l 4L L
E 6 50mg L |
L0
a y L
R 4
\ - [ )
5mglL’ ?\\“k~‘-&-»f’ -
0
2 3 4 5 6 7 8 9 10
pH

Figure 3.23: Bound Pb concentrations for AHA-Pb as a function of sample pH
conditions: Hypothesis 2. The concentration of the bound Pb assumning
the push represents free Pb that is not detectable using the applied CE
methods is shown for all samples. The series represent samples of the
same tkeoretical Pb concentration and the trend indicates the relation-
ship between that concentration and the pH of the sample solution. Error
in pH is not indicated, but is +/- 0.5 units. Error bars represent 25 %
variability as described in text.
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solution. The error bars indicate the 25 % variability observed in the initial replicates.
With this variability in mind, the bound concentrations of Pb may not be statistically
significant for the 25 and 50 mg L™ samples. This would indicate that the bound
concentration has not changed for these samples, and the complexation capacity of the
AHA is between these two concentrations. As well, this relationship indicates that the
complexation capacity of the AHA increases with the pH of the solution. This conclusion
is well founded; the stability of the metal-AHA complex would be higher at higher pH.

In the discussion of the two hypotheses for the identity of the push, [ have
shown that both are possible. With the data available from this work, it is impossible to
determine which of these is correct. It is my belief that indeed the push peak represents a
portion of each hypothesis; it is most likely comprised of some Pb that is bound to AHA
associated with the silanol groups of the capillary, and perhaps also some inorganic
species of Pb that are not detectable with these CE methods. Again, it is impossible to
discern or prove this conclusion with the data, but this explanation serves to explain the
observed phenomenon and is scientifically plausible. Further study is warranted.

Although I am unable to clearly distinguish between the overall free and
bound concentration of Pb seen in these analyses, there are some other general trends
observed that are informative about the nature of the binding of Pb to AHA. Looking
specifically at the peaks observed in the migration time range of peak B, some important
trends can be seen. For example, for the neutral and alkaline samples (Figures 3.17 and
3.18, respectively), the average migration time appears to decrease with increasing Pb

concentration. This change could be due to changes in the electrophoretic mobility of
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smaller, more highly charged moieties becoming larger and less charged, hence the
change in the migration time. Conversely, this could be due to binding of Pb to sites
previously unfilled on larger molecules. It was observed in the AHA-Pb UV (section
3.1.2) analysis that there was a significant linear relationship between the migration time
of peak 2 and the concentration of metal added for the 1000 mg L™ AHA solutions. The

equation describing this relationship is,
y=-0.0404x + 6.22 (R?>0.958, n=4).

The slope of this relationship indicates that for every additional mg L™ of Pb added to the
solution, the migration time of the peak decreases by approximately 0.04 minutes (or 2.4
seconds). Assuming a comparable relationship for the 500 mg L™ AHA, one may expect
the migration time of a peak to be decreased up to 2 minutes when comparing a solution
with 50 mg L' Pb to a solution with a § mg L™ solution. Thus, it is difficult to discern
the pattern of binding from these results due to changes caused in the electrophoretic
mobility due to the addition of the Pb.

Finally, the changes in the Pb signals for the various electropherograms
shown in Figures 3.16 through 3.18 indicate that the addition of Pb to AHA leads to a
reduction in the separation of the species. Specifically, the migration time range of the
various peaks become narrower and even sharper upon the addition of Pb, regardiess of
the pH of the solution. For example, in Figure 3.18 (a) the Pb can be seen as a very wide
peak extending fully from 6 to 9 minutes. As well, many wide peaks are seen emanating
from this greater peak. The same general shape can be observed for the Pb in Figure 3.18

(b). This sample has 25 mg L' of Pb added to an alkaline 500 mg L AHA solution as
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opposed to 5 mg L™! of Pb as in Figure 3.18 (a). The migration time range for the Pb has
decreased by approximately 30 seconds (7 to 9.5 minutes), and the wide peaks emanating
from the presumed humic hump is less differentiated. The migration time range of the
humic hump in the 50 mg L™ sample [Figure 3.18 (c)] is even shorter (6.5 minutes to 8
minutes) and the average migration time is significantly reduced. As Pb is incorporated
into the AHA molecule, the average mass of the molecule is increased, and the charge
reduced. This is seen as a decrease in the average migration time of the peaks. The
molecules also become less differentiated in their migration patterns; their charge
differences are reduced, and they are separated mostly by merit of their mass differences.
Considering the vast range of mass possible for a sampie of HA molecules, this could
lead to less differentiation for CE analysis. This may be important for the use of CE for
fingerprinting various HA, as there may be a loss of discrimination power between
samples of high metal content.

Overall, the analysis of AHA using CE/ICP-MS has raised many
questions, while allowing an observation of HS in a manner previously unexplored. The
results proved to be quite complex, showing reproducible patterns of Pb of high
variability from sample to sample. Trends were observed in the samples, however,
particularly for those of similar pH conditions. In particular, an attempt was made to
identify the nature of the various peaks observed. A comparison to the UV analysis of
similar samples allowed the correlation of a large, erratic Pb peak with the humic hump
of the AHA. This Pb was assumed to be bound to the AHA, and the average migration

time of this peak decreased with increasing metal concentration, due to binding of sites
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with lower affinity for Pb, or due to the overall change in the mobility of AHA due to the
additional mass and charge of the Pb. As well, a narrow, well-resolved peak was
observed in most results around 10 minutes. This peak is not thought to represent bound
Pb, as no organic matter had previously been observed in the UV spectra at this time. As
well, the area of this peak is highly dependent upon the concentration of Pb in the sample.
It was concluded that this peak most likely represents a Pb species that is not bound to the
AHA, but is not necessarily cationic in solution. Finally, the nature of the push peak was
investigated. Two hypothetical identities were proposed and the tentative conclusion is
that the push represents both Pb bound to AHA, and Pb of other speciation. Some overall
conclusions can therefore be made regarding the relative binding of Pb to AHA under
different pH conditions, although more investigations would need to be made before

more decisive conclusions may be made.
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4 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

4.1 Summary and Conclusions

To reiterate the objectives, the goals of this work were to develop a viable
coupling apparatus for CE and ICP-MS and optimize this method using a simple
speciation scheme, to compare the efficiency and sensitivity of this apparatus to alternate
CE/ICP-MS systems, and finally to use this method for the analysis of HS-metal ion
interactions. To reach these goals, it was first noted that the separation of HS using CE
needed to be explored, which is demonstrated in section 3.1. The first three objectives
were then attempted, as described in section 3.2. Section 3.3 incorporated the knowledge
gained in the first two sections, that is the manner in which HS separate in CE and the
development of an efficient CE/ICP-MS interface, to investigate the HS-metal
interactions of a model HS, Aldrich humic acids (AHA), and Pb.

Borate buffers were used to separate AHA into relatively homogenous
mass and charge molecular classes. As HS are structurally complex by nature, separation
into broad molecular classes representing a gradient of size and charge is achieved rather
than separation into easily definable and homogenous molecular classes. Borate buffers
have been cniticized for these analyses as they tend to form complexes with HS (Schmitt-
Kopplin er al. 1998a; Schmitt-Kopplin et al. 1998b), but as my goal was to look initially
at the relative amount of free and bound Pb, it was determined that the possibility of

borate-HS interaction would not necessarily affect this analysis.
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Using borate buffer, a reproducible pattern of AHA separation was
achieved using UV absorbance analysis. These results indicate that the majority of the
humic material migrated in the electrophoretic process as a large humic hump with a
broad migration time of up to 2 to 3 minutes in length. Smaller, resolved peaks were also
observed emanating from the humic hump. The peak area of the humic hump was found
to have a linear relationship with the concentration of AHA, indicating that quantification
of humic matter could be accomplished using CE (see also Rigol ez al. 1994; Rigol et al.
1996). It was also determined that the migration time of the humic hump decreased with
increasing metal concentration. In particular, a small peak seen in 1000 mg L™ samples
was also noted by another study (Keuth ez al. 1998), and this peak showed a very
significant dependence upon Pb concentration (R? > 0.925).

The development of the CE/ICP-MS interface proved to be a challenging
undertaking. The original design used a Meinhard direct injection high efficiency
nebulizer (DIHEN) as the main link between the instruments. The DIHEN was chosen
because it would allow the entire sample to be analyzed and it allows the use of very low
flow rates. Both features are of utmost importance for CE/ICP-MS hyphenation, as the
EOF of the electrophoretic process is very low (~ nL min™') therefore requiring very
sensitive detectors as the mass of analyte will be necessarily small in comparison.
Unfortunately, the nebulizer was damaged in an accident, and it was unclear if its
performance was effected. In comparison to a more traditional interface design using the
Meinhard high efficiency nebulizer (HEN), it had comparable detection limits for some

elements, and lower for others (in particular Pb). Ultimately, it was decided to use the
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HEN for the final analysis, as Pb was the metal of interest for this study. The results of
the work leading to the development of the DIHEN interface are included in this thesis,
however, as may show much promise for future work, and allowed for a thorough
investigation for comparison to the interface that was used in the end.

The CE/ICP-MS interface appeared to be a very efficient tool for metal
speciation studies as indicated by the results for various metal separation experiments,
and in particular for a Pb speciation study using EDTA. Three replicates of an EDTA-Pb
mixture were shown to have reproducible separation using the HEN/cyclonic interface
and a borate buffer. Furthermore, the relative amount speciation of Pb as an EDTA-Pb
complex and Pb>* were within 5 % of the equilibrium concentrations as calculated by
MINEQL (Tipping).

Finally, AHA samples inoculated with Pb were analyzed using CE/ICP-
MS. Unlike the CE analyses, where the separations could be followed using UV
absorbance of the organic material through the column, the ICP-MS detector allows us to
follow the movement of metal species through the column. Due to the physical
configuration of the apparatus necessary for hyphenation, it was not possible to acquire
both UV absorbance data and ICP-MS element-specific data simuitaneously. When
interpreting these results, one must remember that an understanding of the mobility of the
humic material can only be inferred from relative Pb response as well as from the prior
analysis of AHA using CE. As my initial goal was to endeavor to quantify both free and
bound Pb, such comparisons needed to be made to allow a distinction between Pb peaks

to be made.



The results of the AHA-Pb CE/ICP-MS analysis proved to be quite
complex; the reproducibility of the samples was low (~ 25 %), and therefore it was
difficult to discern what a representative electropherogram would look like for each
sample. To deal with this problem, a mass balance approach was used to determine the
sample for subsequent analysis. Using this method, it was found that most samples had a
total Pb content comparable to the mass that had been added to the solution.

Many general conclusions were determined from this analysis. These
include the basic observation that the response of Pb closely resembles the UV
absorbance electropherograms obtained in the earlier analyses. This is because of the
chelating nature of the HS; it binds metals very efficiently. Therefore, the response of Pb
will generally indicate the separation of the organic humic material. As the HA does not
separate into well-resolved and definable fractions, the pattern of broad and variabie Pb
response is also seen in this analysis.

The determination of the free metal in these samples also proved difficult.
As the migration time of Pb was within the time of the migration time of the humic
material itself, it was troublesome to decipher the free Pb from that which is bound to
humic material. Many of the existing peaks were explored as possible free Pb, taking
into consideration changes in the sampie matrix that may be invoived in changing from
the acidic standards to the samples of different pH regimes. In particular, the possibility
of residual Pb left in the capillary after separation was explored in terms of it representing
the free Pb component of the sample. It was concluded that this residual Pb most

probably represents Pb bound to AHA that has complexed with the capillary wall. The
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identity of a peak representing free metal, or that Pb which was not bound to HS, was not
clearly identified in this analysis, but general trends in metal binding with AHA were

determined.

4.2 Recommendations for Future Study

Research involving HS can be quite complex due to the heterogeneous
nature of the humic material itself. Studies looking specifically at the structural
properties of HS are difficult, particularly if one hopes to elucidate a defined structure.
However, it is possible to use generalized approaches to these questions to observe trends
and commonalties for these substances. Using CE for the separation of HS into broad
size and charge classes is one such approach. Assuming that the fractions separated in
CE form some broad molecular classes, observing the relative metal associations with
these fractions could illuminate some general metal binding trends for HS. As well, the
metal associated with the humic material may be distinguishable from that which is free
in solution.

In practice, however, the use of CE to separate HS confounded by several
factors, most importantly the complexation of humic material with the capillary column
itself. A goal that would most certainly improve upon the results of this study would be
the investigation of procedures that would preclude interaction of the HS functional
groups with the silanol groups of the capillary. Fetsch and coworkers (1998a) claim to

have produced such results, yet their methods were not reproducible in my experiments.
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Certainly, the use of borate buffers are not the ideal for HS separation studies (Schmitt-
Kopplin et al. 1998a; Schmitt-Kopplin et al. 1998b), yet they were found to be the most
viable buffer systems available at the time of these studies. An in-depth investigation of
the buffers for these analyses would be warranted, with particular attention to developing
a buffer system in which the migration time of free Pb is very different than that observed
for humic matenial.

An important feature of this thesis that must be presented in a discussion
of recommendations for future work is the method of CE/ICP-MS itself. These results
show that this instrumental hyphenation could prove very useful for studies of metal
speciation including and beyond those involving HS. Many speciation studies have
exploited the high resolution of CE combined with the elemental sensitivity of [CP-MS
(e.g. Michalke and Schramel 1998a; Taylor et al. 1998; Majidi et al. 1999). Certainly the
speciation of As and Se have shown promise for their detection using CE/ICP-MS. I
would encourage the use of these results to be used as a guide for the hyphenation of the

instruments in this regard.
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