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Abstract

Facile procedures based on hyphenated ion-exchange chromatography (IEC) and
inductively coupled plasma mass spectrometry (ICP-MS) were developed to determine
conditional stability constants, speciate chromium species and investigate the reduction
of Cr(VI).

1. Improvements were made to a method previously developed to determine the
conditional stability constant, Kf’, and chelation number, n, using IEC-ICP-MS. This
method allowed the accurate determination of the conditional stability constant of a
simple system. However, the corresponding chelation number was significantly different
to the expected value because the principal assumption, i.e. that the ligand was in excess,
was not realized in the experimentation. Furthermore, it neglected complexes other than
that formed with EDTA4-. By taking into account these factors, accurate Kf’ and n were
obtained for Co-EDTA and Zn-EDTA systems.

2. A simple method was developed for chromium speciation analysis at sub-µg L-1 level
in potable water by IEC-ICP-MS. Cr(VI) and Cr(III) were separated on IonPac® AG-7
guard column within 7.5 minutes using gradient elution with 0.1 M ammonium nitrate
and 0.8 M nitric acid. H2 collision/reaction interface gas eliminated chlorine-based and
carbon-based polyatomic interferences on Cr detection. Water samples were analyzed
directly, without any pretreatment. The accuracy of the method was verified through
accurate analysis of riverine water certified reference material. Limits of detection of 0.02
and 0.04 µg L-1 for Cr(VI) and Cr(III), respectively, were obtained.
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3. This speciation analysis method was then used for kinetics studies of Cr(VI) reduction
in acidified riverine water. Water was spiked with Cr(VI), with or without Cr(III), and
evolution of each Cr species with time was monitored by speciation analysis, showing
that the reduction of Cr(VI) was a pseudo first order reaction. By plotting the logarithm
of the peak area ratio of the instant Cr(VI) concentration over that of the original spiking
versus time, the reaction rate constant was obtained as the slope. The reduction rate
increased with decreasing pH and increasing temperature. The activation energy of the
reaction at pH 1.3 was calculated using an Arrhenius plot. This method offers the
advantages of small sample consumption, minimal sample manipulation, and easy data
interpretation.
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Chapter 1
General Introduction

1.1 Introduction

In recent years, there has been increasing interest in elemental (metal, metalloid, and heteroatom) speciation analysis, which involves the determination of the nature and quantities of one or more individual chemical species of an element in a sample [1]. These species may differ in isotopic composition, electronic or oxidation state, or complex molecular structure of the element of interest [1]. Numerous evidences have shown that the total
concentration of an element in a sample does not provide enough information on its mobility, toxicity, essentiality, etc., which depends on chemical forms of the element.

For example, arsenic is notorious for its acute toxicity; however, this notion started to
change with the discovery that the toxicity of arsenic compounds is closely related to
their chemical forms. Organic As species are much less toxic than the inorganic ones, and
toxicity generally decreases as the degree of methylation increases, where arsenobetaine
(AsB), the prevalent arsenic compound in seafood products is found to be metabolically
inert and non-toxic [2, 3]. So, it is important to take into consideration the proportion of
the different types of As compounds when doing risk assessment [4, 5].

Another example is chromium, which exists in two major oxidation states, hexavalent
and trivalent, possessing very different physical and chemical properties and affecting
biological processes differently [6, 7]. Cr(III) is an essential trace element in glucose me1

tabolism, and is usually included in dietary supplements [8-10]. However, it has a low
solubility under most physiological pH conditions and is thus poorly absorbed. On the
other hand, Cr(VI) is regarded as genotoxic and carcinogenic [11-14]. It is highly soluble under almost any pH conditions and can penetrate the cell membrane via a general
non-selective anion transport channel [15].

A final example is that of platinum-containing compounds, such as cisplatin, carboplatin,
iproplatin and tetraplatin, which are widely used for cancer chemotherapy [16, 17]. To
understand their effect, speciation analysis is required to determine their purity and stability, as well as to monitor their metabolites to assess their cytotoxicity and pharmacokinetics [18-20].

In summary, the chemical nature and quantity of an element in a sample matrix is highly
responsible for its essentiality, mobility, bioavailability and toxicity in biological organisms and in ecosystems. Therefore, speciation analysis is required to assess whether or
not it is toxic, which depends on the concentration level of each species, for example, Se
is an essential trace element up to a certain level but toxic at higher levels [21]. Speciation information can also be exploited in studying the equilibration process, such as the
determination of stability constant and reaction kinetics [18, 22-27].

1.2 Hyphenated techniques

Hyphenation of techniques in elemental speciation analysis refers to the online combination of a chromatographic separation technique and a sensitive element-specific detection
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technique [28]. Separation techniques include high performance liquid chromatography
(HPLC), gas chromatography (GC), capillary electrophoresis (CE), etc.; and detection
techniques include inductively coupled plasma (ICP) atomic emission spectroscopy
(AES), flame atomic absorption spectrometry (AAS), ICP mass spectrometry (MS), etc.
Various possibilities of hyphenated techniques are schematically shown in Figure 1.1
[28]. The hyphenation of HPLC with ICP-MS constitutes the most popular tool for elemental speciation.

Gas

Atomic

chromatography

Fluorescence

ICP-MS
Electrochromatography

Separation

Detection

Liquid
Atomic

chromatography
Gel

Atomic

electrophoresis

Emission

Absorption

Capillary
Identification

electrophoresis

MALDI MS

Electrospray MS

Figure 1.1. Hyphenated techniques for speciation analysis (adapted from [28]).

In liquid chromatography, species separation occurs according to their different distributions between a stationary phase and a liquid mobile phase, which arise from differences
in their polarity, electrostatic properties, size and van der Waals forces, depending on the
separation mode, i.e., the type of stationary and mobile phases. It is more broadly appli3

cable than GC, which is restricted to volatile and thermally stable compounds, but does
not, in general, provide as high a chromatographic resolution as GC. Furthermore, it is
not applicable to labile species, unlike CE, which, however, is not as straightforward to
couple to ICP-MS.

As an element specific detector, ICP-MS offers the advantages of multi-element and isotope measurement capabilities, high sensitivity, low detection limits and large linear dynamic range. As a result, it is practically the default detector for speciation analysis due
to its versatility and outstanding detection power. Although it is possible to do off-line
separation before submitting the collected fractions to ICP-MS analysis, on-line separation ensures the highest sensitivity while eliminating contamination, loss or species transformation that could occur during collection and storage of the fractions.

1.3 Hyphenated HPLC-ICP-MS

1.3.1 HPLC as a separation technique

HPLC is a very versatile, well-established analytical and preparative tool that can practically separate any chemical mixture through careful selection of stationary and mobile
phases, temperature and pH [29]. A basic HPLC system consists of a solvent pumping
system, a sample injection device, a guard column, an analytical column and a detector.
The column is the heart of the system, and determines the dominant separation mechanism. The columns that are commonly used in elemental speciation analysis include ion
exchange, reversed phase and size exclusion.
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Ion-exchange columns are packed with silica or cross-linked polymer beads with diameter in the range of 3-10 µm, which are grafted with organic phases containing functional
groups that either have permanent or induced ionic charges. There are two types of
charged functional groups: anionic and cationic, each of which can be subdivided into
strong or weak types. The functional groups in strong column packing materials are, usually, quaternary amines for anion exchange or sulfonic acid for cation exchange, while, in
weak column packing material, they often are organic acids and primary amines [29].
The separation is mainly based on coulombic (ionic) interactions, ‘opposite attracts’,
where analytes with opposite-sign charge interact more strongly with the stationary phase
and, thus, elute later than neutral ones or those with same-sign charge. Neutral species
can also be separated after being transformed into charged species with a complexing
agent. The mobile phase for ion exchange separation usually contains some inorganic
electrolyte of high concentration. A low percentage of miscible organic solvent such as
methanol or acetonitrile can be added in some cases to facilitate elution of the analytes
[30].

A reversed phase column is usually packed with silica-bonded organic moieties, such as
C18 and C8 (18-carbon and 8-carbon aliphatic chains, respectively) and use the ‘likes
attracts likes’ principle, where less polar analytes have a stronger interaction with the
non-polar stationary phase and elute later than more polar analytes, as a result of van der
Waals interactions and solubility differentiation of the analytes between the polar eluent
and the hydrocarbon moieties of the stationary phase. It is normally used for the separation of polar, uncharged compounds with molecular weight less than 3000. The mobile
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phase is usually composed of aqueous buffer with some organic modifier like methanol
and acetonitrile. In order to apply it to the determination of ionic species, an ionic reagent is usually added to the mobile phase to pair with sample ions of opposite charge. In
this case, separations are based on differences in retention of the various ion pairs on the
stationary phase. Common ion pairing reagents include lipophilic cations, such as tetrapropylammonium or tetrabutylammonium, for sample anions; and alkyl sulfonated C6C10, and some inorganic anions such as perchlorate or PF6- for sample cations [30].

Size exclusion chromatography (SEC) is the simplest type of chromatography that theoretically involves a pure mechanical separation based on hydrodynamic-radius size. The
surface of the column packing materials, usually made of silica or polymeric resin, can be
visualized as beads containing pits and pores. Analytes of smaller size will penetrate
deeper into the pore and require a larger volume of mobile phase to be washed out than
larger analytes. A buffered solution of an inorganic salt is usually used as the mobile
phase. This type of column is normally used for the separation of large biomolecules and
polymers [29].

However, although a column is classified by its major separation mechanism, the actual
separation process usually involves the combination of several mechanisms.

Further development in HPLC is driven by the needs of trace and ultra-trace analyses,
such as the high-throughput speciation analysis of many biological and environmental
samples that have a complex composition and are available in very limited quantity. Because of these demands for high speed and, hence, chromatographic resolution, as well as
6

reduced sample size, microbore columns were developed. They are miniature versions of
conventional columns, with smaller internal diameter (0.5-2.1 mm vs. 3.9-5 mm for a
conventional column), and containing smaller-size particles, which operate with the same
mechanisms. Thus, microbore columns can be used to separate all kinds of species that
are accessible to standard HPLC separations. The advantages of microbore columns include increased mass sensitivity, higher chromatographic resolution, shortened separation
time, and reduced sample and solvent consumptions [31, 32].

Capillary HPLC, where the column has an internal diameter smaller than 0.5 mm, is a
natural product of this scaling down trend. The reduced column volume requires a corresponding lowered mobile phase flow rate, usually in the range of 0.4-100 µL/min,
which subsequently requires a more precise solvent pumping system. A micro-flow splitting device is often adopted to achieve the desired flow rate [33].

1.3.2 ICP-MS as HPLC detector

ICP-MS was first introduced in the early 1980s by coupling ICP and a mass spectrometer
[34]. Although a late bloomer in the stellar team of atomic spectroscopy, it, however,
stands out with the merits of multi-element and isotope measurement capabilities, high
sensitivity, low detection limits and large linear dynamic range, and is the primary choice
in elemental analysis nowadays. An ICP-MS instrument consists of the following basic
components: the sample introduction system, the plasma generation system, the sampling
interface and ion optics, and the mass analyzer.
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1.3.2.1 Sample introduction system. Liquid is the most common sample state in ICPMS analysis. There are a variety of designs of liquid sample introduction systems, which
usually consist of a peristaltic pump, a nebulizer and a spray chamber. A liquid sample is
pumped into the liquid channel of a nebulizer and shattered into an aerosol at the tip of
the nebulizer by the pneumatic action of flowing gas. The aerosol then travels through a
spray chamber where finer droplets are selected and carried away by the nebulizer gas
into the plasma, while larger droplets settle down under gravity or condense on the side
wall of the spray chamber and eventually are removed as waste by continuous pumping
[35].

Ideally, an aerosol containing small droplets with a narrow droplets size distribution is
desired to minimize the noise induced by desolvation/vaporisation in the ICP. Pneumatic
nebulizers like glass concentric nebulizers are commonly used as ICP-MS sample introduction devices due to their robustness, simplicity and low cost. Micro-uptake nebulizers
were designed for low flow rate sampling by improving the gas-liquid interaction and
reducing the droplets size distribution [36, 37], and are suitable when sample size is limited, such as with biological and forensic samples, or when minimal sample consumption
is desired. These nebulizers include the micro-concentric nebulizer (MCN), ultrasonic
nebulizer (USN) and direct injection nebulizer (DIN). The advantages of a MCN lie in its
good compatibility with a conventional spray chamber, wide commercial availability and
rugged performance at normal or elevated nebulizer gas pressures [37]. A DIN is a micro-concentric nebulizer that replaces the torch injector (i.e., central tube). It thus introduces the liquid sample directly into the plasma where the aerosol is desolvated in situ,
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thereby improving transport efficiency up to 100% theoretically. A spray chamber is not
used with a DIN, affording the benefits of faster response time, reduced dead volume and
memory effect. However, this in situ desolvation nature also makes a DIN less tolerant to
samples with a high content of dissolved salts or volatile organic solvents, which cause
plasma instability and tip clogging [38].

The spray chambers are responsible for the loss of transport efficiency in sample introduction. Cyclonic designs can reduce interaction between the aerosol and the walls of the
spray chamber, thereby improving transport efficiency and reducing memory effects.
Double-pass spray chambers provide a lower transport efficiency, making them useful for
samples containing a high concentration of dissolved salts. Cylindrical type spray chambers are designed for use with micro-uptake nebulizers at low flow rate, which is useful
for the eluent from chromatographic and electrophoretic separations [39].

1.3.2.2 Plasma generation system. A plasma is a partially ionized gas that conducts
electricity and is affected by a magnetic field. The ICP is generated by inductively coupling of a gas flowing through a specially designed torch to a Tesla coil, as illustrated in
Figure 1.2 [40]. The plasma ignition starts with a high voltage spark passing through the
main plasma gas stream. The seed electrons are then accelerated in the radio frequency
(RF) magnetic field induced by a water-cooled coil wound around the end the torch. A
high frequency (27 or 40 MHz) current flows through the coil, producing a rapidly
changing direction magnetic field. The highly mobile light electrons are forced to change
directions quickly by the alternating current, resulting in collision between electrons and
the argon atoms, which in turn produces more electrons, ions and heat. As this self9

perpetual process goes on, a stable plasma is produced and sustained as long as the RF
current is supplied continuously.

Figure 1.2. Schematic of an ICP torch and load coil showing how the inductively coupled
plasma is formed. (a) A tangential flow of argon gas is passed between the
outer and middle tube of the quartz torch. (b) RF power is applied to the load
coil, producing an intense electromagnetic field. (c) A high-voltage spark
produces free electrons. (d) Free electrons are accelerated by the RF field,
causing collisions and ionization of the argon gas. (e) The ICP is formed at
the open end of the quartz torch. The sample is introduced into the plasma via
the sample injector (taken from reference [40]).

As there is no electrode involved in this energy transfer mode, it is called inductive
coupling [41]. Energy is transferred into the plasma most efficiently in the induction region, i.e., within and slightly above the load coil, where the temperature can reach as high
as 10,000 K. The central region of the plasma has a lower temperature, i.e., 6000-7000 K,
10

as it is cooled by the carrier gas and the sample aerosol; however, this is where ionization
of the analytes ultimately takes place [41].
Once the sample aerosol is swept axially into the plasma by the carrier gas, it will undergo a series of processes sequentially, i.e., (1) desovation; (2) vaporisation; (3) atomisation
and (4) ionization. The high temperature of the plasma makes it an efficient elemental ion
source for MS. The majority of elements in the periodic table with first ionization potential (FIP) ≤ 10 eV are singly ionized, while a few doubly-charged ions are formed, resulting in a simple, easy to interpret mass spectrum [41].

1.3.2.3 Sampling interface and ion optics. After the ICP is formed, a portion of the
plasma is extracted from the central channel into the mass analyzer where ions are separated and analyzed according to their mass-to-charge ratios (m/z). The sampling interface
assembly is used to sample the high temperature, atmospheric pressure plasma into a
vacuum chamber, which consists of two coaxially positioned water-cooled metal cones,
i.e., the sampler and the skimmer, and is maintained at a pressure of 1-5 torr using a mechanical roughing pump (Figure 1.3). The nozzle of the sampler is immersed in the
plasma along the central axis. The portion of plasma passing through the sampler orifice
undergoes rapid expansion because pressure within the interface is much smaller than in
the atmospheric plasma. Both the temperature and pressure of the plasma fall drastically
in this region and most of the plasma gas is removed through pumping [42].

Ions emerging from the skimmer cone are isolated by ion optics prior to entering the
mass analyzer. The ion optics consists of a series of electrically controlled plates, barrels
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or cylinders [44]. The electric potentials are set to negative so as to guide the positively
charged ions and repel the negatively charged electrons. Most photons and neutral species are also filtered out by appropriately designed ion optics.

Figure 1.3. Schematic diagram of ICP and ion extraction device: A, load coil around the
torch; B, hot outer torus of ICP; C, sample flowing into central channel of
ICP; D, emission from oxides and neutral atoms; E, emission from ions; F,
sampling nozzle with 1-mm hole in tip; G, skimmer; H, boundary layer of
cold gas outside of sampler; I, supersonic jet between sampler and skimmer; J,
ion lens. The negative sign represents negative voltage applied onto the ion
optics (taken from reference [43]).

1.3.2.4 Mass analyzer. Ions emerging from the ion optics are separated in a mass analyzer. Different types of mass analyzers have been coupled with ICP, including quadrupole, time-of-flight (TOF), and electrostatic/magnetic devices. As quadrupole analyzer is
used in both ICP-MS instruments for this thesis work, its working principle will be intro12

duced briefly.

A quadrupole analyzer consists of a set of four conductive rods mounted parallel into a
square shape. The opposite pairs of rods are electrically connected. RF and DC potentials
are applied to each pair of rod with opposite signs so that each pair has the potential P =
U + Vcos(2πft), where U is a DC potential and Vcos(2πft) is a RF potential of constant f
and a maximum amplitude V. The electrical fields of the rods influence the ions by inducing a transverse potential causing the ions to oscillate perpendicularly to the direction
of the travelling path of the ions. With a specified U and V, only ions with a specific m/z
ratio can survive the oscillation to emerge from the end, while others will eventually collide with the rods and be evacuated. If U and V are varied with time to maintain a constant U/V ratio while increasing the absolute value of the potential, ions of increasing m/z
will pass through the quadrupole in rapid succession, which is how a mass spectrum is
obtained [45]. In a sense, a quadrupole is an ion filter that separates ions with a defined
m/z at a time, which makes it a sequential mass analyzer. The time during which a specific m/z is isolated is called dwell time, which is usually a few to hundreds of milliseconds. A longer dwell time can increase the signal-to-noise (S/N) ratio and thus lower the
limit of detection (LOD), but at the expense of extended acquisition time. The dwell time
must be selected carefully during the measurement of time-dependent transient signals,
e.g. those resulting from a chromatographic separation, to avoid the spectral skew that
would result from an insufficient number of measurement points across a chromatographic peak. Furthermore, the number of isotopes that can be monitored has to be limited for a quasi-simultaneous measurement of each isotope [28].
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After ions emerge from the mass analyzer, they are detected by an electron multiplier.
Each ion arriving at the detector impinges on an electrode that is maintained at a high
negative potential, causing it to emit a pulse of electrons. These electrons are then accelerated toward a nearby dynode with a less negative potential. The collision of the electrons with the dynode cause more electrons to emit and the electrical pulse is thus magnified. As this process repeats a sufficient number of times, one ion striking the detector
generates a measurable electrical pulse of current.

1.3.3 Hyphenation of HPLC and ICP-MS

The compatibility of HPLC and ICP-MS, two top players in their own fields, is exceptionally good. The physical hyphenation is straightforward and simply involves connecting the outlet of the HPLC system to the liquid inlet of the ICP-MS nebulizer (Figure 1.4)
with narrow-bore tubing, which is kept as short as possible to minimize dispersion, as this
would degrade the chromatographic resolution. The two parts can be controlled separately or integrated, which greatly facilitates automation [46]. In any case, all tubing, fittings
and other detection cells, such as spectrophotometry, which is often used prior to ICP-MS
detection, should preferably be made of metal-free material like PEEK (polyetheretherketone) and Teflon®.

A bypass valve is usually inserted between the HPLC system and the nebulizer so as to
allow the continuous introduction of standard solution to optimize the ICP-MS operating
conditions. This so-called tuning solution should be prepared in the mobile phase so that
the conditions selected will be optimal when the chromatographic system is put on-line,
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especially if isocratic elution is carried out. The matrix can indeed affect the optimal voltage applied to the ion optics. The latter should thus be adjusted so as to reach a satisfactory compromise between signal stability and sensitivity.

Internal standard

To ICP-MS

Mobile phase
Peristaltic pump
Flow splitter

Sample solution

Nebulizer

Pump
system

Sample loop and
injector port

PDA

Column

Drainage or

T-flow

other detectors

mixer

Drainage

Figure 1.4. Typical setup used when hyphenating HPLC to ICP-MS. The components in
the dashed region are optional (PDA = photodiode array detector.)

An internal standard may also be added on-line to compensate for non-spectroscopic interferences or drift induced by the mobile phase, even more so if gradient elution is carried out. However, such addition should be done carefully so as to minimize dilution of
the column effluent, which would translate to reduced sensitivity, and so as to avoid degrading the chromatographic resolution.

Alternatively, an enriched isotope spike solution of the element being determined can be
used, as the ideal internal standard, to perform species-unspecific isotope dilution analysis on-line [47], if the analyte has at least two isotopes that are free of spectroscopic inter15

ference. For example, to do the speciation analysis of the metabolites of a drug molecule
containing Br, the effluent from the HPLC column would be continuously mixed with
81

Br-enriched spiked solution and 81Br+/79Br+ monitored by ICP-MS. Because the differ-

ent isotopes of an element are affected similarly, monitoring an isotope ratio instead of
individual isotope intensities effectively counteracts any change in Br sensitivity caused
by the HPLC gradient [48].

For an adequate hyphenation, care should be taken to: (1) match up the eluent flow rate
with the sample uptake rate of the nebulizer, and (2) select an eluent that ICP-MS can
handle (i.e., that does not contain too high a concentration of dissolved salts or volatile
organic solvents). These two factors are not independent: a high flow rate leads to a larger amount of matrix uptake during a given time, which can lead to faster clogging of the
cones of the interface by gradual salt or soot deposition. To minimize the total quantity of
salt or organic solvent entering the ICP-MS system, the bypass valve can be switched so
that the mobile phase drains to waste while the HPLC system is equilibrating. Only when
the analysis is started, is the mobile phase directed to the ICP-MS instrument. This can be
done automatically if the bypass valve is automated [46].

The mobile phase flow rate for typical HPLC separations is in the range of 0.2-1.5
mL/min, which matches the sample uptake rate of the conventional sample introduction
system of ICP-MS. Microbore and capillary HPLC require the use of a micro-nebulizer
with small-volume spray chamber or of some direct injection nebulizer (DIN), which operate at much smaller flow rates, as it is important to minimize the dead volume. A DIN
is advantageous in this regard, as it does not require a spray chamber, hence totally elimi16

nating the dead volume of the latter.

The mobile phase for HPLC separations often contains a relatively high concentration of
dissolved salts or volatile organic solvents. Thus, for a typical HPLC separation that takes
5-20 minutes, a great amount of matrix substance will be aspirated into the ICP-MS instrument. The matrix from the sample is usually negligible compared to that from the
mobile phase, as only a minute amount of sample is injected whereas the mobile phase is
pumped continuously [46]. The matrix may affect the ICP-MS performance in three
ways: (1) it can result in spectroscopic interference on the analyte signal; (2) it can cause
analyte signal drift and loss of sensitivity from soot and salt deposition on the interface
cones and ion optics; and (3) it can induce non-spectroscopic interference, which may
suppress or enhance the analyte signal. This matrix issue is discussed further below, according to the nature of the eluent matrix used for different types of liquid chromatography.

1.3.3.1 Organic solvents. As mentioned in section 1.3.1 (HPLC as a separation technique), organic solvent is sometimes added to the mobile phase to facilitate the mass
transfer between the two phases, especially in RP-HPLC, where a gradient elution is
usually required, with up to 100% organic solvent at a certain stage. The introduction of
organic solvents into the plasma can make the plasma less energetic, by requiring energy
for their desolvation, vaporisation and atomisation, which is no longer available for the
analyte. This, in turn, leads to poor ionization efficiency and thus decreased sensitivity.
Overloading the plasma with organic solvents destabilizes or even extinguishes the plasma. Additionally, thermal decomposition of organic solvent results in carbon deposition
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on the sampler and skimmer cones as well as on the ion optics, which reduces sensitivity
and induces signal drifting. In order to minimize these effects, it is imperative to reduce
the amount of organic matrix, or to minimize the impact of the organic solvent on the
plasma. Several approaches can be used to tackle this problem:
(1) use a hot plasma with a high RF power;
(2) titrate oxygen into the nebulizer carrier gas until the carbon emission (green color)
disappears;
(3) select a different solvent;
(4) reduce the amount of mobile phase reaching the plasma by using a flow splitter;
(5) cool the spray chamber;
(6) substitute a surfactant for the organic solvent;
(7) use a desolvation system;

(8) use low flow rate liquid chromatography (such as microbore or capillary HPLC);

where (1)-(3) aim to diminish the effect of organic solvents, and (4)-(8) aim at reducing
the amount of organic solvent being introduced into the plasma. These methods are detailed in the following sub-sections.

1.3.3.1.1 Mitigating the effect of organic solvents on the ICP. A high RF power (1.41.7 kW) will result in a more energetic plasma, which will counteract the weakening ef18

fect of organic solvents. It is also a general practice to titrate oxygen gas into the argon
nebulizer gas to transform thermal decomposition into oxidative combustion. Carbon deposits are therefore prevented in favour of the formation of gaseous carbon oxide. Only a
few percent (3-7%) of oxygen gas need to be added [49], as an excessive amount of oxygen can cause serious oxidative corrosion of the sampler and skimmer cones. The oxygen
must thus be added in proportion with the amount of organic solvent being introduced to
minimize damage to the sampling cones. This poses a dilemma when gradient elution is
conducted, where the concentration of organic solvent can vary drastically during a
chromatographic separation, unless the amount of oxygen can be varied along with the
gradient. Sampler and/or skimmer cones made of platinum are more oxygen-resistant
and more suitable for this situation than those made of nickel, but at a higher cost [50].
Appropriately selecting the solvent can efficiently reduce the amount of oxygen needed.
For example, methanol has a higher oxygen-to-carbon ratio and combusts more thoroughly, making it a preferable organic solvent over ethanol and acetonitrile.

As mentioned earlier, organic solvents in the mobile phase can be problematic during a
gradient elution as they may induce changes in ICP-MS sensitivity and background. Indeed, analyte signal enhancement or suppression can result, depending on the experimental conditions used and the element detected. A correction function is thus needed to account for the baseline drift caused by the change of organic solvent concentration during
a gradient elution [51]. This can be obtained by continuously spiking elemental standards
into the mobile phase as it elutes from the column without sample injection while recording the chromatogram by ICP-MS in time-resolved mode. The signal trace data thus ob-
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tained are then used to calculate a fitting function that is subsequently applied as a correction function in real sample analysis [51]. However, this approach is scarcely used because it is only effective if the baseline shift is very reproducible from one chromatographic separation to the next and unaffected by sample injection.

1.3.3.1.2 Minimizing the amount of organic solvents introduced into the ICP. A flow
splitter can be used to reduce the flow rate reaching the nebulizer by diverting part of the
mainstream eluent flow into drainage or towards other detectors like UVspectrophotometry, conductivity, etc. These are commercially available, from simple Tpiece to more complicated multi-channels valves. Flow rates down to a few microliters
per minutes can be accurately realized. Properly designed flow splitters streamline the
flow to avoid clogging by dissolved salts, and reduce dead volume efficiently. However,
this diversion also reduces the amount of analyte reaching the plasma, so a balance must
be reached between reducing the solvent load and keeping the necessary analyte mass
flow.

Most transport efficiency loss occurs in the spray chamber [41]. Although this is usually
the Achille's heel of ICP-MS, it can be taken advantage of when coupling ICP-MS with
HPLC in order to reduce solvent uptake. Cooling the spray chamber down to –10 °C reduces solvent evaporation and promotes solvent condensation, thus reducing the amount
of solvent reaching the plasma [48, 52]. Reducing the internal diameter of the torch injector from the common 2 mm to 1 mm also decreases the solvent vapour loading in the
plasma [48, 53].
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Another approach is to substitute surfactants for organic solvent, which form micelles in
aqueous solution above their critical micelle concentration. Indeed, the presence of micelles improves the interaction between the mobile phase and solutes, allowing a better
and faster separation, with a concurrent reduction in the amount of organic solvent in the
mobile phase [31].

Microbore HPLC offers higher chromatographic resolution and separation efficiency than
conventional HPLC, making it an ideal candidate for hyphenation to ICP-MS. The flow
rate of microbore HPLC is in the range of a hundred to a few microliters per minute. As a
result, the amount of organic solvent being introduced into ICP-MS during a typical
chromatographic separation over 5-20 minutes is often not problematic. However, the
interface of microbore HPLC with ICP-MS is crucial for a successful hyphenation. It is
imperative to use a micro-uptake nebulizer with or without compatible spray chamber so
as to minimize extra column dead volume and ensure enough sample introduction efficiency for adequate analyte detection (see section 1.3.2.1 Sample introduction system).

All of the above methods that aim to reduce the amount of solvent introduced in the
plasma concurrently reduce the absolute amount of analyte being introduced. An alternative approach is to remove the solvent before the eluent penetrates the plasma. This can
be accomplished with a desolvation device, which usually consists of a heater/condenser
system that is sometimes coupled to a membrane desolvator when an ultrasonic nebulizer
(USN) is used [54]. This approach increases the sample introduction efficiency, compared to that with a conventional sample introduction system, while drastically reducing
the solvent load. It is especially useful when gradient elution involving solely a change
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in organic solvent concentration is carried out.

1.3.3.2 Inorganic salts. The presence of highly concentrated inorganic salts, either as
part of buffers or electrolytes, may lead to deposits on the interface cones and ion optics,
in turn resulting in signal drift, suppression and, eventually, clogged cones. This problem
is especially eminent in IEC. The methods described earlier that reduce the amount of
sample reaching the plasma, such as a flow splitter and low flow rate chromatography,
are also applicable to salts reduction. Additionally, electrolytes that form or decompose
into gaseous components in the plasma can preferentially be selected as the mobile phase.
Ammonium salts, such as ammonium nitrate, ammonium acetate and ammonium formate
are popular components of mobile phases in IEC-ICP-MS analysis [32, 55-57], among
which ammonium nitrate is especially attractive as there is then no carbon-containing
components generated during the ionization process. An addition of complexing agent to
the mobile phase can also result in faster separation while reducing the amount of salts
that is required in the mobile phase [58, 59].

1.3.4 Applications of HPLC-ICP-MS

The hyphenation of HPLC and ICP-MS has been widely applied in speciation analysis
for element-containing species that are non-volatile and cannot be converted to volatile
species, such as organometallic species (with metal-carbon covalent bond), metalcomplexes (with metal coordination bond) and inorganic species of different oxidation
states. The most significant elements in term of speciation analysis include As, Sb, Hg,
Cr, Se, Pt, Br, I, etc. Selected reports on HPLC-ICP-MS speciation analyses, which have
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been published recently, are summarized in Table 1.1. Although different types of chromatographic techniques have been used in elemental speciation analysis, IEC is most
common due to the naturally ionic character of most elemental species as well as the better compatibility of column eluents with ICP-MS detection. The general practice and focus in speciation analysis are to identify and quantify the target element species in a sample to assess their toxicity and/or essentiality.

However, reports on the application of IEC-ICP-MS to the study of solution equilibria are
relatively rare, such as the determination of stability constant [22-24] and reaction kinetics [18, 25-27]. Huang and Beauchemin [22-24] developed a novel method to determine
stability constants by utilizing the speciation information measured by hyphenated IECICP-MS. The distinct advantage of this method was that it could determine the stability
constant at concentration ranges as low as μM, which was not attainable with conventional electrochemical techniques, making it a promising method for evaluating the
metal-ligand binding strength under biological conditions. Another feature of the method
was the simultaneous determination of the stability constants of two metal complexes in
one solution, which was also beyond the reach of those conventional methods.

Hann et al.[18] used RP-HPLC–ICP-MS to study the degradation process of cisplatin in
water with varied chloride concentrations. This study was based on the fact that the decomposition of cisplatin in water is slow enough to fit with the time scale of an HPLC
separation. In this process, samples were taken from the reaction solution intermittently
and were submitted to speciation analysis over a period of 48 hours. The instant concentrations measured of each species were then plotted against time, which vividly showed
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the reaction and transformation of the starting material and the products. The reaction rate
constants of each species were then obtained.

Hence, in addition to its application to the speciation analysis of a variety of samples,
HPLC-ICP-MS can be used to study the equilibration process as well as reactions. It may
thus be not only useful and complementary to traditional methods but may also open new
avenues of research by enabling ultra-trace measurements on a relatively short time scale.
Further exploration of this powerful analytical technique is thus warranted.
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Table 1.1 Selected examples of the application of HPLC-ICP-MS in speciation analysis*
Species and matrix
As(III), As(V), MMA, DMA, four
oxo-arsenosugars and four thioarsenosurgars

Instrumentation
method
IEC-ICP-MS (AEC)

Elution mode, column brand and

LOD

Ref

25% aqueous acetone
was introduced into the
spray chamber to compensate for carbon content change during elution;

[60]

mobile phase compositions
Hamilton PRP-X100; gradient;

0.3-0.8 µg/L

MPA: 20 mM phosphate buffer;
MPB: phosphate buffer containing 50% methanol

Oyster tissue

Other details

External calibration
As(III), As(V), AsB, MMA and
DMA

IEC- (HR)-ICP-MS
(AEC)

Aqueous standard
As(III), As(V), MMA, DMA, AsB,
AsC and TMAO

5-10 ng/L

MPA: 0.5 mM ammonium nitrate

Column i.d.: 2.0mm;

[61]

External calibration

MPB: 100 mM ammonium nitrate
IEC-ICP-MS (AEC)

Dionex AS7/AG7; gradient:

0.2-0.8 µg/L

Calibration by standard
addition

[62]

0.4-5.4 pg

Column i.d.: 0.3mm;
HIHEN used as the
nebulizer;

[63]

MPA: 0.25mM Acetic acid/Sodium acetate

Frozen human urine
As(III), As(V), MMA, DMA and pASA

Dionex AS11/AG11; gradient:

MPB: 25mM nitric acid
Nano-IP-RP-HPLCICP-MS

NanoEase; Isocratic;
0.5 mM TBAP, pH 5.9

Aqueous standards

External calibration
DPAA, PAA, DMPAO, MPAO
Rice and soil

RP-HPLC-(DRC)ICP-MS
Cell gas: H2;

As(III), As(V), MMA, DMA, AsB,
AsC, TMAO and TeMA ;Sb(III) and
Sb(V)
Hot spring water and fish tissue

IP-RP-HPLC(DRC)-ICP-MS
Cell gas: He

SunFire-C18; gradient;

0.1-0.48 µg/L

MPA: 0.1 formic acid in DDW;
MPB: 0.1 formic acid in methanol
DevelosilC30-UG-5; isocratic:
10 mM sodium butanesulfonate/4 mM malonic
acid/4 mM TMAOH/0.1 (v/v)% methanol/20
mM ammonium tartrate; pH 2.0
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USN with membrane
desolvator used to remove organic solvent;

[64]

External calibration
~0.2 µg/L for
As
~0.5 µg/L for
Sb

External calibration

[65]

Species and matrix
Sb(III) and Sb(V)
Soil extract
Sb(III) and Sb(V)

Instrumentation
method

Elution mode, column brand and

Other details

Ref

mobile phase compositions

IEC- ICP-MS
(AEC)

Hamilton PRP-X100; isocratic:

IEC-ICP-MS (AEC)

Dionex AS 14; isocratic;

Tap water

LOD
20-65 ng/L

Calibration by isotope
dilution

[66]

12-14 ng/L

USN with membrane
desolvator was used as
the nebulizer;

[67]

10 mM EDTA/1 mM phthalic acid
1.25 mM EDTA pH 4.7

External calibration
+

Hg(II) and MeHg

RP-ICP-MS

n/a

Calibration by standard
addition

[68]

10-38 ng/g

External calibration

[69]

0.1-0.3 µg/L
for Pb;

Column i.d.: 1.0 mm;

[70]

0.1% (v/v) formic acid/0.1%(v/v)
HFBA/2%(v/v) methanol/0.02% (w/v) Lcysteine, pH 2.1

Mussel, fish tissue and embryos
Hg(II), MeHg+ and EtHg+

Symmetry Shield RP18; isocratic;

RP-ICP-MS

C18; isocratic:
0.05% v/v mercaptoethanol/ 0.4% (m/v) Lcysteine/ 0.06 mM ammonium acetate/5% (v/v)
methanol

hair
Pb(II), trimethyl-Pb, triethyl-Pb;
+

RP-ICP-MS

+

Hg(II), MeHg , EtHg

0.2% (v/v) 2-mercaptoethanol/1 mg/L ETDA/
174.2 mg/L sodium 1-pentanesulfonate/12%
(v/v) methanol, pH 2.8

Fish muscle and tissue
SeMet, SeCys, SeUr and TMSe;
+

Hg(II) and MeHg

RP-(DRC)-ICP-MS

SymmetryShield RP18; gradient:

Cell gas: He/H2
(92.72/ 7.29)

MPA: 0.3% aqueous methanol;

Human urine
Cr(VI) and Cr(III)
Synthetic biomedium

Alletch-C18; isocratic:

IEC-(DRC)-ICPMS (AEC)
Cell gas: H2

0.2-0.3 µg/L
for Hg
0.05-0.3 µg/L
for Se;

MPB: 3% (v/v) aqueous methanol
/ 0.06 M ammonium acetate/ 0.1% (v/v)/2mercaptoethanol

2.5-2.0 µg/L
for Hg

Dionex AS11; gradient:

0.3 µg/L for
Cr(III);

Nitric acid/6mM 2,6-pyridinedicarboxylic acid
with varied flow rate
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0.8 µg/L for
Cr(VI)

DIHEN used as nebulizer.
External calibration
External calibration

[71]

External calibration

[59]

Species and matrix

Instrumentation
method

Cr(VI) and Cr(III)

RP-HPLC-(DRC)ICP-MS

Synthetic biofluid

Cell gas: ammonia

Se(IV) and Se(VI); Cr(III) and
Cr(VI)

IEC-(DRC)-ICPMS (AEC)

Surface water, ground water and tap
water

Cell gas: methane

Cr(VI) and Cr(III)

IEC-(CRI)-ICP-MS
(AEC)

Mineral water

Elution mode, column brand and

LOD

Other details

Ref

mobile phase compositions
Brownlee-C8; isocratic:

0.06-0.09 µg/L

2.0 mM TBAOH/ 0.5 mM EDTA/ 5% (v/v)
methanol, pH 7.6

Cr(III) is complexed
with EDTA prior to
separation.

[72]

External calibration
Dionex AS11/AG11; isocratic;

<1 µg/L

20 mM sodium hydroxide

Cr(III) is complexed
with EDTA prior to
separation.

[73]

External calibration
Hamilton PRP-X100; isocratic:

<0.1 µg/L

60 mM ammonium nitrate, pH 9.3

CRI gas: H2

Cr(III) is complexed
with EDTA prior to
separation.

[74]

External calibration
Cr(VI) and Cr(III)

IEC-ICP-MS (CEC)

Dionex CS5A/CG5A; gradient;

0.19-0.32 µg/L

External calibration

[75]

HILIC-ICP-MS

MPA: 0.3 M nitric acid;
MPB: 1 M nitric aicd
ZIC-HILIC; isocratic:

0.2 ng/mL

External calibration

[76]

n/a

External calibration

[77]

Natural water
cisplatin and its mono-hydrolyzed
metabolite

(70/30) DMF/20 mM acetate

Cell incubating medium
Cisplatin adducts with DNA
Oligonucleotide and DNA

RP-HPLC-ICP-MS

Alltech C8; isocratic:
60 mM ammonium acetate, 7.5% MeOH, pH
5.8
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Species and matrix
Cisplatin,monoaquaand/diaquacisplatin

Instrumentation
method
RP-HPLC-ICP-MS

Cancer patient urine

Elution mode, column brand and

LOD

Other details

Ref

mobile phase compositions
Thermo Hypersil-Keystone Hypercar; Gradient;

0.65-0.74 µg/L

Column i.d.: 2.1 mm;

[18]

A make-up flow was
added to the main
chromatographic flow
with a T piece.

MPA: 1 mM NaOH
MPB: H2O

Calibration by isotope
dilution
I- and IO3-

IEC-DRC-ICP-MS
(AEC)

Hamilton PRP-X100; gradient:

Whole milk powder and seaweed

Cell gas: O2

B: 100 mM NH4NO3, pH 10

0.03-0.04 ng/
mL for Br

I- and IO3-

IEC-ICP-MS (AEC)

Agilent G3154A/101; isocratic:

1.5-2.0 µg/L

-

-

Br and BrO3

Seawater

A: 15 mM NH4NO3, pH 10

0.001-0.002
ng/mL for I;

External calibration

[78]

External calibration

[79]

20 mM ammonium nitrate, pH 5.6

*Abbreviations AEC: Anion exchange chromatography; AsB: Arsenobetaine; AsC: Arsenocholine; DIHEN: Direct injection high efficiency nebulizer; DMA: Dimethylarsenic acid; DMF: Dimethylformamide; DMPAO: Dimethylphenylarsine oxide; DNA: Deoxyribonucleic acid; DPAA: Diphenylarsonic acid; DRC: Dynamic reaction cell; EDTA: Ethylenediaminetetraacetic acid; EtHg+, Ethylmercury; HFBA: Heptafluorobutanoic acid; HILIC: Hydrophilic interaction liquid chromatography; i.d.: internal diameter; IEC: Ion
exchange chromatography; IP-RP-HPLC: Ion Pairing reversed phase high performance liquid chromatography; LOD: Limit of detection; MeHg+: Methylmercury; MMA: Monomethylarsonate; MPA: Mobile phase A; MPAO: Methylphenylarsine oxide; MPB: Mobile
phase B; p-ASA: p-Arsanilic acid; SeCys: Selenocystine; SeMet: Selenomethonine; SeUr: Selenourea; TBAOH: Tetrabutylammonium hydroxide; TBAP: tetra-n-butylammonium phosphate; TeMA: Tetramethylarsenium; TMAO: Trimethylarine oxide; TMAOH:
Tetramethylammonium hydroxide; TMSb: Trimethylantimony; USN: Ultrasonic nebulizer
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1.4 Objectives of this thesis

This thesis aims to explore the versatility and powerfulness of IEC-ICP-MS in elemental
speciation analysis and equilibration process. To be specific, the main body of the thesis
will address the following three objectives, in individual chapters.

a) To improve a method for the determination of conditional stability constant

A method to determine conditional stability constants was previously developed in this
laboratory, using IEC coupled to ICP-MS. When it was applied to the complexation of
cobalt and zinc with ethylenediaminetetraacetic acid (EDTA) separately, the value determined for the conditional stability constant agreed with the literature but the chelation
number deviated from an integer. Chapter 2 will look into the cause of this deviation and
propose a remedy.

b) To develop a simple method for chromium speciation analysis at ultra-trace level
For risk assessment purposes, a rapid speciation analysis method is required for chromium because Cr(III) is an essential micro-nutrient for biological activities whereas
Cr(VI) is believed to be toxic and carcinogenic. The commonly used chromatographic
separation methods usually involve the application of a complexing agent to facilitate the
elution of Cr(III), which is not desired in order to preserve the original speciation. Indeed, several factors need to be considered when performing chromium speciation analysis: the oppositely charged states and the interconversion of the redox couple, and spectroscopic interferences with ICP-MS detection. For analysis at ultra-trace level, contami29

nation control also constitutes a key factor for reliable measurement. Chapter 3 will describe a simple IEC-ICP-MS method that addresses these issues. It involves a column
with dual ion exchange capability to separate the oppositely charged species directly,
without using charge-switching reagent, thus preserving the originality of the sample. A
gradient elution is also used to elute the two chromium at different pH and ionic strength
to ensure separation while avoiding the reduction of Cr(VI). And a new collision-reaction
interface is employed to eliminate spectroscopic interferences during ICP-MS detection.

c) To develop a simple method to study the kinetics of the reduction of Cr(VI) in riverine water

Chapter 4 will demonstrate that the speciation analysis developed in Chapter 3 provides a
simple yet powerful tool for studying the reduction of Cr(VI) in real samples. Indeed,
Cr(VI) can be reduced to Cr(III) in the natural environment in the presence of inorganic/organic substances, with humic substances being an important type of reducing agent
in soil and natural water. The proposed approach is in contrast to conventional methods,
which involve off-line processes, where chromium species are selectively precipitated or
modified with chromophore(s) before spectrometric or spectrophotometric detection, and
usually involve tedious sample treatment and relatively large sample consumption. The
simplicity of the proposed chromium speciation analysis method will be demonstrated
while studying the effect of pH and temperature during a kinetics study of Cr(VI) in acidified riverine water sample.
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Chapter 2
Determination of stability constants of metal complexes
with IEC-ICP-MS

2.1. Introduction

2.1.1 General background on metal complexes

Metal complexes are prevalent in nature and the artificial world. The research on metal
complexes is interdisciplinary, involving chemistry, biology, geology, physics, pharmacology, etc. Generally, this research falls into two categories: one to study the structural
peculiarities - configuration and/or conformation - of the complexes at the atomic level
mostly in solid state; and the other to study the interaction of the complexes with solvent
molecules or other metal ions and ligands in solution. It must be emphasized that research in these two fields is interdependent and has evolved to reply on each other [1].

Many researchers active in analytical chemistry are interested in speciation of metal
complexes in solution. Metal speciation analysis is to identify and quantify specific
forms of a metal in a sample. It has been generally accepted that it is the particular species and/or forms present instead of the total concentration of metals in a sample that dictate toxicity, bioavailability, bioactivity, transport in the organism, bio-geological distribution, transportation of metals, etc.[2] Except for rare kinetically inert systems, metal
complexes coexist with metal ions, ligands and protons for protic labile ligands under
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forces exerted by solvent molecules. The distribution of each species relies on the binding
strength of the metal-ligand complexes, which is quantitatively expressed as the stability
constant of the specific metal complex.

Stability constants, or equilibrium constants, of metal complexes have long been employed as an effective measurement of the affinity of a ligand for a metal ion in solution
[3]. They play a key role to 1) assess metal-ligand binding strength in solution; 2) understand the solution equilibrating process; 3) screen appropriate complexing agents; and 4)
provide practical guidance for ligand design [3].

Biologically active organic molecules (proteins, nucleotides, carbohydrates, etc.) and
their derivatives or decomposition products all contain electron pair donor motifs (amino,
carbonyl, sulphydryl, etc.), which make them potential ligands to coordinate with the
ubiquitously present metal ions [1, 4]. The coordination of biomolecules with metal ions
is indispensable for some of the most important physiological processes, like protein
catalytic processes. Besides the innate biomolecules, extraneous drug molecules often
bear electron donor groups. They will inevitably interfere with the metal ions, free or
bonded, inside the biological environment. Chelation therapy has been used successfully
to treat genetic diseases caused by excessive accumulation of certain metal ions. It is
based on the premise that the chelator selected has a better binding strength than the biomolecule(s) for the target metals ions to carry out an efficient removal. For example, βThalassemia major is a genetic disease in which β subunits of hemoglobin could not be
synthesized in adequate quantities. The treatment is frequent transfusion of normal blood
43

cells, which leads to iron poisoning over the long term, as the body does not have a mechanism to excrete large quantities of iron. To tackle this lethal side effect, desferrioxamine B, a powerful iron chelator with a conditional formation constant of 1013 is used to
remove the excess iron by forming desferrioxamine complex that can be excreted in the
bile and subsequently urine [5, 6].
2.1.2 Determination of stability constant

A stability constant, Kf, by definition is the equilibrium constant for the reaction of a metal with a ligand:

M m + + nLl −

Kf =

MLmn − nl

[ MLmn − nl ]
[ M m + ][ Ll − ] n

(2.2)

where MLnm-nl represents the complex, Mm+ the free metal ion, Ll- the ligand, n is the chelation number and [ ] indicates molar concentration. When n > 1, Kf represents the cumulative stability constant, βn.

In Equation 2.2, molar concentrations are adopted instead of activities of the reactants
and products for the convenience of measurement [3]. This treatment is based on the assumption that concentrations parallel activities of ionic solutes when the ionic strength is
kept constant by a non-reacting electrolyte present at a concentration far in excess of that
of the reacting ionic species under investigation [7]. In fact, it has become a general prac-
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tice to measure equilibrium constants involving coordination compounds at a constant
ionic strength maintained by a supporting electrolyte [3].

At equilibrium, the concentrations of the complex, the ligand and the free metal ions are
interrelated and their variation relies on the total composition of the experimental solution
and the stability constant. Theoretically, if the concentration of one of the species is
known, the concentration of the remaining species can be calculated and thus the stability
constant to be determined. To be specific, a series of such measurements are made to
cover a sufficient range of conditions, and then a suitable mathematical treatment like
linear square regression is applied to determine the unknown parameters. Practically, any
technique that can determine the concentration of at least one of the species at equilibrium of a complexation reaction can be applied to determine the stability constant. A
complexation reaction is usually accompanied by changes in the properties of a solution
as a whole and the individual species as well, before and after complex formation, such
as potential, absorbance, conductivity, structural and conformational alteration, etc.,
which are measured by different techniques to perform the equilibrium analysis [3].

Conventional methods to determine stability constants fall into two categories, in situ and
ex situ, according to whether a separation step is involved or not. Direct determination
methods, such as potentiometry [3, 8-10], polarography [11-13], spectrophotometry [1417] etc., are regarded as standard methods, as no or little external interference is involved.
As an example, potentiometry is the most widely used method to determine stability constants. It makes use of the competition of the metal ions and protons for a ligand. In this
procedure, a base is added incrementally into an acid ligand solution in both the presence
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and absence of the investigated metal ions. The pH changes in these processes are then
rationalized to get the formation constant [3]. On the other hand, two-step methods are
usually more sensitive and selective, as they involve the combination of a separation
technique, such as ultrafiltration, capillary isotachophoresis, ion-exchange chromatography (IEC), etc.,[3, 7, 18] to a powerful detector. Techniques that can be used to detect
either the metal or the metal complex can be mass spectrometry, ultraviolet spectroscopy
(UV), atomic emission spectroscopy, inductively coupled plasma mass spectrometry
(ICP-MS), etc., which usually have the advantage of a relatively higher sensitivity to the
complexes and/or the free metal ions.

2.1.3 Hyphenated IEC-ICP-MS to determine stability constant

Recently, one such two-step method was developed by coupling IEC with ICP-MS to determine conditional stability constants [19-21]. In this procedure, the metal complex and
the free metal ion of a homogeneous complex solution are separated by an ion exchange
column prior to their detection by ICP-MS. This method takes advantage of the multielemental detection capability and high sensitivity of ICP-MS and the separation efficiency of IEC. Because the peak area response of ICP-MS was independent of the metal
species, a plot of the logarithm of the peak area ratio of the complex over the free metal
as a function of the logarithm of the analytical concentration of the ligand gave logKf’ as
the intercept and the chelation number, n, following Equation H-1:

log

[ MLmn − nl ]
= log K 'f + n log C L
m+
[M ]

(H-1)
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where MLnm-nl represents the complex, Mm+ the free metal ion, CL the ligand analytical
concentration, n is the chelation number, Kf’ is the conditional stability constant and [ ]
indicates molar concentration.

The stability constants thus obtained matched the literature values, but the chelation
number n deviated from integers. The discrepancy was interpreted to be caused by the
presence of other partially protonated EDTA species other than the target EDTA4- and
random errors. To take advantage of the multi-elemental detection capability of ICPMS, the method was then applied to simultaneous determination of the conditional
stability constants of Co-EDTA and Zn-EDTA in one solution. Initial results were
also obtained in the application of this method to a Co (Gly-Phe)2 complex as a model
biological system, demonstrating the potential of this method in the biological field
[19].

In fact, one assumption for Equation (H-1) to be valid is that the concentration of the ligand must be in large excess compared to that of the metal, which was actually not the
case. Furthermore, it neglected complexes other than EDTA4-, such as those with HEDTA3-and H2EDTA2-. Revision was thus made on the stability constant expressions.

2.1.4 Derivation of stability constant expressions

The fundamental mass-balanced Equations 2.1 and 2.2 were used to derive equations to
calculate the conditional stability constant K 'f in terms of concentrations of complex and
free metal, i.e., parameters that can be detected by ICP-MS.
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The concentration of the ligand species, Ll − can be expressed as the product of the fractional composition α Ll − and the total concentration of uncomplexed or free ligand, C f , as
shown in Equation 2.3.

[ Ll − ] = α Ll − C f

(2.3)

By substituting α Ll − into Equation 2.2, the conditional stability constant, K 'f , is obtained
as Equation 2.4.

K 'f = K f (α Ll − ) n =

[ MLmn − nl ]
[ M m + ]C f

(2.4)

n

By taking the logarithm on both sides of Equation 2.4 and rearranging, Equation 2.5 is
obtained.

log

[ MLmn − nl ]
= log K 'f + n log C f
[M m+ ]

(2.5)

In view of mass balance, C f can be expressed as the difference between C L , the total ligand concentration or the analytical concentration of the ligand and the concentration of
the formed complex multiplied by the chelation number of binding sites, as shown in Equation 2.6.

C f = C L − n[ MLmn − nl ]

(2.6)
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Substitution of Equation 2.6 into Equation 2.5 yields Equation 2.7.

log

[ MLmn − nl ]
= log K 'f + n log(C L − n[ MLmn − nl ])
m+
[M ]

(2.7)

When the concentration of the ligand is larger than that of the metal, the metal can be regarded as being reacted ‘completely’ to form the complex. So, if the concentration of the
ligand is much larger than that of the metal, the - n[ MLmn − nl ] part becomes negligible, and
Equation 2.7 can be reduced to Equation H-1.

However, for metal complexes with a large stability constant, it is practically impossible
to use a large excess of ligand to measure the stability constant with this two-step method. For example, for a complex formed by mixing cobalt and EDTA in a 1:1 molar ratio at pH 3.8, the free metal comes entirely from the dissociation at equilibrium that accounts for

1
K 'f C M

of the concentration of the complex, where C M is the analytical

concentration of the cobalt or EDTA. If C M is in the range 1×10-6 M as in Huang’s thesis
[19], the concentration of the free metal is calculated to be about 15% of the concentration of the metal complex. As the concentration of the ligand becomes larger, the concentration of the free metal from dissociation will become drastically smaller due to massaction effect. Roughly, for complex systems with n = 1 of ligand : metal ratio, the free
metal from dissociation accounts for 1

(n − 1) K 'f

regardless of C M . The error introduced

by the calculation based on the area ratio obtained from integration of the chromatograms
will become very large. So, when applying the simplified Equation H-1 to systems
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with a large formation constant, extreme care must be taken to control the measurement
and data analysis on the basis of large excess of ligand(s). Equation 2.7 is universally applicable to systems with one complex species since it is simply the metamorphosis of
equilibrium constant Equation 2.2. In the case of systems with multiple complex species,
Equation 2.7 needs to be further adjusted. For example, while EDTA4- is the major species complexing with metal ions in EDTA solution, other protonated species like HEDTA3-, H2EDTA2- can also complex metal ions in certain pH ranges. The sum of these
complexed species can be expressed as the difference between the total amounts of metal
ions minus that of the free metal ions as shown in Equation 2.8.

log

[ MLmn − nl ]
= log K 'f + n log(C L − n(CM − [ M m + ]))
m+
[M ]

(2.8)

In Equations 2.7 and 2.8, [ M m + ] and [ MLmn − nl ] are not directly measured by ICP-MS. We
assume a linear relationship between the concentration of an element and its response,
which is the basis for most ICP-MS quantitative analysis, to do the rationalization. Here,

AML , AM and At are used to denote the ICP-MS response to [ MLmn − nl ] , [ M m + ] and C M respectively, and the following relationships can be obtained straightforwardly [22, 23].

[ MLmn − nl ] AML
=
AM
[M m+ ]

[M m+ ] =

(2.9)

AM
× CM
At

(2.10)
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[ MLmn − nl ] =

AML
× CM
At

(2.11)

log

[ AML ]
A
= log K 'f + n log(C L − n( ML × C M ))
[ AM ]
At

(2.12)

log

[ AML ]
A
= log K 'f + n log(C L − n(C M − M × C M ))
[ AM ]
At

(2.13)

A plot of log

A
A
AML
versus n log(C L − n(C M − M × C M )) or n log(C L − n( ML × C M )) will
At
At
AM

give log K 'f as the intercept and n as the slope. The problem with n that is included in
the concentration variable can be solved by successive approximation; i.e. assuming n to
be a certain number to calculate the conditional stability constant and the chelating n ; if
the calculated n equals the assumed one, then the assumption is verified; otherwise,
another number can be tried until the correct one is found. Fortunately, the chelation
numbers are integers in most cases.

For multi-element systems with one common ligand, Equation 2.12 or 2.13 is also applicable if there are no reactions between the elements and the complexes formed. The metals will get their share of the ligand according to their stability constant. For a solution
with j different metal species, each species will display distinct log

common C f that can be expressed as Equation 2.14 or 2.15.
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[ AML ]
values and a
[ AM ]

j

AMLi

i =1

At i

C f = CL − n∑

× CM i )

(2.14)

j

AM i
At i

(2.15)

i =1

C f = CL − n∑ (CM i −

Therefore,

a

plot

j

AM i

i =1

At i

n log(CL − n∑ (CM i −

× CM i )

of

log

AMLi
AM i

versus

j

AMLi

i =1

At i

n log(CL − n∑

× CM i ) or

× CM i )) will give log K 'fi as the intercept of each species and

the chelation number as the slope n.
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2.2 Experimental

2.2.1 Instrumentation

2.2.1.1 IEC. A Dionex 600/BioLC liquid chromatography system equipped with a GS
50 gradient pump, a Rheodyne 9750E injector and a 50-µL sample loop was used for the
separations. The GS 50 gradient pump is a microprocessor-based pulse-free eluent delivery system, which can deliver mixtures of up to four mobile phase components at precisely controlled flow rates [24]. All the connections, fittings and pump heads are made
of PEEK. The PDA100 (UV-Vis) detector was bypassed to reduce the dead volume.

Anionic IonPac®AG-7 column (50 × 4mm, 10 µm) and cationic IonPac®CG-5A column
(50 × 4mm, 9 µm) were used for the separations. Both AG-7 and CG-5A displayed cationic as well as anionic exchange capability due to the unique pellicular structure of the
packing particles. The column packing of AG-7 consists of three different regions, including 1) an inert, nonporous, chemically and mechanically stable core; 2) a sulfonated
region completely covering the core surface and 3) an outer layer of attached submicron
anion-exchange MicroBead™ with alkyl quaternary ammonium as functional group [25].
The column packing of CG5A has a similar character yet with reversed anion and cation
exchange regions, so that CG5A has a stronger affinity for metal ions [26].

The IEC system was controlled by a Chromeleon® chromatography management
workstation through methods and sequence programming. The sample solution was manually loaded into a 50-µL sample loop with a syringe and injected automatically when
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an elution program was executed. The syringe was rinsed with sample solution thoroughly before injecting a sample for analysis.

The columns were cleaned whenever appreciable peak broadening or deformation was
observed. The cleaning procedure includes pumping 200 mM of nitric acid for two hours
and subsequently flushing with water for another two hours. The columns were then equilibrated with the mobile phase for one hour at a flow rate of 1.0 mL/min and then stabilized at 1.5 mL/min or 25 µL/s. The flow rate was calibrated at a backpressure of ca.
2000 psi. The mobile phase was pumped continuously while the sample was loaded.

Isocratic elution was used for separation with AG-7. For separation with CG-5A, a gradient elution procedure was adopted to facilitate the removal of metal ions from the stationary phase. The IEC operation conditions are summarized in Table 2.1. The IEC system was hyphenated to ICP-MS using a piece of PEEK tubing between the outlet of the
column and the nebulizer liquid inlet, which was 0.25 mm in inner diameter and 50 cm in
length.

2.2.1.2 ICP-MS. An UltraMass 700 quadrupole-based ICP-MS instrument from Varian
was used for this project. It was equipped with a Meinhard concentric nebulizer, a Sturman-Masters spray chamber, a three channel peristaltic pump and a Fassel-type quartz
torch. Two water-cooled interlaced induction coils were used to sustain the ICP, which
efficiently couple RF power and prevent any problem of “secondary discharge” caused
by the potential difference between the plasma and the interface. The sampler and skimmer cones were made of nickel, with a cone orifice diameter of 1.0 mm and 0.5 mm, re54

spectively.

Table 2.1. IEC separation conditions

Parameter

Setting (anion exchange)

Setting (cation exchange)

Column

IonPac® AG-7

IonPac® CG-5A

4.0 mm ID × 50 mm, 10 µm

4.0 mm ID × 50 mm, 9 µm

Ambient

Ambient

Column temperature
Mobile phase

MPA: 0.1 M ammonium nitrate, pH = 3.8
MPB: 0.1 M ammonium nitrate with 3×10-5 M EDTA, pH =3.8
0-0.9 min: MPA

Elution program

Isocratic elution with MPA

0.9-1.5 min: MPB
1.5-6.0 min: MPA

Flow rate (mL/min)

1.5

1.5

Sample injection
volume (µL)

50

50

Backpressure (psi)

500

500

Optimization of plasma position was done daily using a solution containing the target
element(s), where analyte signal was maximized by adjusting the horizontal and vertical
positions of the torch relative to the sampling interface. Optimization of nebulizer gas
flow rate, RF power and sampling depth was also carried out when an obvious signal decrease (compared to that typically observed) was evident during plasma positioning.
Mass calibration, and adjustments of quadrupole resolution and ion detector voltage were
done less frequently using 100 µg/L multi-elemental solution of Ba, Be, Ce, Co, In, Pb,
Mg, Ti and Th in 1% nitric acid prepared from a 10 μg/mL stock solution supplied by
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Varian. Data acquisition was carried out in time-resolved, peak hopping mode with three
points per peak, one scan per replicate, a dwell time of 100 ms and 0.025 amu spacing.
Typical operating conditions are listed in Table 2.2.

2.2.2 Reagents and solution preparation

2.2.2.1 Reagents. Standard metal solutions (1000 µg/ml, 4% HNO3) for ICP-AES &
ICP-MS from SCP Science were used as the metal source. Na2H2EDTA.2H2O (IDRANALIII) was dried at 80°C for 1 hour before use. Concentrated nitric acid (70%,
J.T.Baker) and ammonia (20-22%, Fischer Scientific) were all ultra-pure reagents.
Doublely deionized water (DDW, Milli-Q Plus system, Millipore, Mississauga, Canada)
was used throughout for preparing solutions and rinsing the nebulizer. Ammonium nitrate
solution was prepared by mixing ultra-pure nitric acid and ammonium hydroxide in
DDW.

2.2.2.2 Sample solution preparation. The EDTA stock solution was prepared by dissolving Na2H2EDTA.2H2O in 0.1 M ammonium nitrate solution. The mono-elemental
and di-elemental solutions of Co-EDTA, Zn-EDTA and Co-EDTA/Zn-EDTA were prepared by spiking the corresponding stock metal(s) standard solution(s) and EDTA stock
solution into 0.1 M ammonium nitrate solution and adjusting the pH to 3.8 with nitric acid or ammonium hydroxide.

One series of solutions with a fixed metal concentration and varied EDTA concentration
(Table 2.3) was used to test the validity of different constant stability equations derived in
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section 2.14 and Equation H-1.
Table 2.2. Typical operating conditions for UltraMass 700 ICP-MS instrument
Parameters

Settings

Ar plasma flow rate (L/min)

15

Ar auxiliary gas flow rate (L/min)

1.15

Ar nebulizer flow rate (L/min)

0.93

RF power (kW)

1.26

Sampling depth (mm)

5.5

Isotopes monitored
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Sample introduction

Sample uptake rate (mL/min)

1.5

Ion optics

Extraction lens (V)

-200

First lens (V)

-260

Second lens (V)

-11.8

Third lens (V)

3.0

Fourth lens (V)

-45

Photon stop (V)

-11.2

ICP conditions

Co, 66Zn, 68Zn

To investigate the applicability of the proposed method in terms of total metal concentration range, a series of Co-EDTA solutions with varied Co concentration was used (Table
2.4). Also, to test its applicability to the simultaneous determination of stability constants,
another series of solutions with fixed concentrations of Co and Zn and varied EDTA concentration was used (Table 2.5). The 0.1 M ammonium nitrate solution was also used as
the mobile phase (MPA) for IEC isocratic elution. MPB was prepared by spiking MPA
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with EDTA stock solution up to a concentration of 3×10-5 M. Sample solutions were
equilibrated for about one hour at 20 °C in the air-conditioned ICP-MS laboratory before
speciation analysis.

Table 2.3. Sample compositions for Co-EDTA and Zn-EDTA complexes in 0.1 M
NH4NO3 (pH 3.8) for testing different equations.
Co-EDTA

Zn-EDTA

CM , M

CL , M

CM , M

CL, M

1.70E-6

3.39E-7

3.08E-6

1.23E-6

1.70E-6

8.48E-7

3.08E-6

1.54E-6

1.70E-6

1.36E-7

3.08E-6

1.85E-6

1.70E-6

2.54E-6

3.08E-6

2.16E-6

1.70E-6

3.39E-6

3.08E-6

2.77E-6

2.2.3 Data acquisition and analysis

The samples were injected in order of increasing EDTA concentration. Normally, three
replicates were made and the mean was used in the calculations. The raw data were
treated with in-house QBASIC programs. Raw data were smoothed with a 7-point polynomial Savitzky- Golay moving window. Excel® graphs function was used to visualize
the chromatograms and to position the peaks. Then, another QBASIC program was used
to integrate peak areas. The program corrected for background by assuming a straight line
between the start and the end of the peak.
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Table 2.4. Sample compositions for Co-EDTA complex in 0.1 M NH4NO3 (pH 3.8) with
varied total cobalt concentration.
CM , M
8.54E-07 (50 µg/L)

4.27E-07 (25 µg/L)

2.05E-07 (12 µg/L)

1.71E-07

8.54E-08

6.15E-08

3.41E-07

1.71E-07

1.23E-07

5.12E-07

2.56E-07

1.64E-07

6.83E-07

3.41E-07

2.05E-07

8.54E-07

4.27E-07

3.07E-07

1.71E-06

8.54E-07

4.10E-07

CL, M

Table 2.5. Sample compositions for Co-EDTA/Zn-EDTA complexes in 0.1 M NH4NO3
(pH 3.8) to test the applicability of the method to the simultaneous determination of stability constants of a multi-elemental complex system.
CM (Co), M

CM(Zn), M

CL, M

1.70E-6

4.13E-6

1.17E-6

1.70E-6

4.13E-6

1.75E-6

1.70E-6

4.13E-6

2.33E-6

1.70E-6

4.13E-6

2.91E-6

1.70E-6

4.13E-6

3.50E-6

1.70E-6

4.13E-6

4.08E-6

1.70E-6

4.13E-6

4.66E-6
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2.3 Results and discussion

2.3.1 Validity of different equations for Co-EDTA and Zn-EDTA complexes on IonPac® AG-7

Cobalt and zinc were selected as the metal elements to test equations because of their
good compatibility with IonPac® AG-7, as shown in Huang’s thesis. The ICP-MS sensitivity for Zn was not as great as for Co because, unlike monoisotopic Co, the response for
Zn is spreaded among its isotopes (64Zn: 48.63%; 66Zn: 27.92%; 68Zn: 18.84%, etc.). Divalent elements such as lead, cadmium and copper that have stability constants around
1016-1020, close to that of zinc and cobalt, were also tested. While the complexes of these
metals could elute easily from IonPac® AG-7, the free metals could not elute within a
period of 20 minutes under the same conditions as for zinc and cobalt. So, cobalt and zinc
are the only two elements that will be discussed in this section.

Huang’s work [19] showed that the pH of the sample solution affected the complexation
of Co and Zn to EDTA by affecting the distribution of EDTA in different protonation
states as well as the concentration of ammonia dissociated from the supporting electrolyte, which can act as auxiliary ligand. At pH 3.81-3.87, EDTA4- was the major species
and the competition from ammonia as binding ligand was negligible, so the following
work was carried out within this pH range. Because the matrix effect of EDTA on ICPMS analyte signal was negligible in the concentration range used for the experiments,
peak areas of the metal complex and free metal chromatographic peaks were used directly to derive the concentration ratio without correction.
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2.3.1.1 Co-EDTA complex. A typical IEC-ICP-MS chromatogram for the speciation
analysis of Co is shown in Figure 2.1. The two major peaks in the elution sequence belong to Co-EDTA complex and free Co ions, as seen in Huang’s thesis [19]. The first
peak eluted 13 s following sample injection and its peak width was about 17 s. Obviously, the complex has a very short stay within the column and can even be regarded as eluting at the void time. This is preferable to avoid a shift in equilibrium. The peak of free
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Figure 2.1. IEC-ICP-MS chromatogram for Co (100 μg/L or 1.69 µM of Co and 0.848
µM of EDTA, pH = 3.80) with isocratic elution (mobile phase: 0.1 M ammonium nitrate; flow rate: 1.5 mL/min).

Stacked chromatograms of the solutions used to derive the stability constant are shown in
Figure 2.2. The area between the two major peaks is enlarged in the inset, showing that
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Figure 2.2. Stacked IEC-ICP-MS chromatograms for Co-EDTA solutions (1.70 µM or
100 µg/ L Co2+ and 0.339-3.39 µM EDTA) at pH 3.8. (a) The whole chromatogram and its enlargement between 30-110 s; (b) enlargement of free cobalt
ions peaks.
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certain cobalt species eluted incessantly between Co-EDTA and free cobalt ions. These
peaks were tentatively attributed to complexes of partially protonated EDTA species, i.e.,
Co-HEDTA, Co-H2EDTA, etc. The presence of these species will cause errors when integrating the major species, especially when the free cobalt ion peak becomes very small
as the concentration of EDTA increases.

To minimize this error, the total area for cobalt was obtained by integrating from the
start of the first major peak to the end of the second major peak. The free cobalt peak
was also expanded to have a better view of its evolution as ligand concentration
increased. For a complex system with twice the concentration of EDTA to cobalt, the
peak was rather flattened. Conceivably, it will be hard to read a chromatogram when
EDTA is in much excess. The peak also showed tailing that resembles the tailing
pattern in EDTA-free cobalt solutions as shown in Figure 2.3. This tailing pattern
might be caused by column degradation.
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Figure 2.3. IEC-ICP-MS chromatograms of EDTA-free 10-120 µg/L Co solutions.
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Figures 2.4-2.6 display the linear regression lines obtained using Equations 2.13, 2.12
and H-1 respectively, with the chelation number set to 1. The log K f ' and n values thus
obtained are summarized in Table 2.6.

2

y = (0.97 ± 0.01)x + (7.37 ± 0.07)
log ([CoEDTA]/[Co2+])

1.5

r2 = 0.9998
1

0.5
0
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-1
-8.5

-8

-7.5

-7

-6.5

-6

-5.5

log [EDTA]

Figure 2.4. Linear regression to determine logKf’ (intercept) and n (slope) of Co-EDTA
complex with Equation 2.13.
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y = (0.88 ± 0.05)x + (6.78 ± 0.36)
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Figure 2.5. Linear regression to determine logKf’ (intercept) and n (slope) of Co-EDTA
complex with Equation 2.12.
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Figure 2.6. Linear regression to determine logKf’ (intercept) and n (slope) of Co-EDTA
complex with Equation H-1.
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Table 2.6. Conditional stability constant (log K f ' ) and chelation number (n) of Co-EDTA
calculated using different equations.
log K f '

n

Equations
Expected

Obtained

Expected

Obtained

Equation 2.13

7.48

7.37 ± 0.07

1

0.97 ± 0.01

Equation 2.12

7.48

6.78 ± 0.36

1

0.88 ± 0.05

Equation H-1

7.48

14.9 ± 1.7

1

2.48 ± 0.28

The chelation number was first set to 1. From Figure 2.4, the conditional stability constant log K 'f obtained is 7.37, which is close to the literature value. The chelation number
is 0.97, so the assumption n = 1 is valid. When protonated complex species were not included in the calculation, as shown in Figure 2.5, both the conditional stability constant
and the chelation number deviated from the literature values. They deviated from theoretical values substantially using Equation H-1. Theoretically, the results from the calculation with Equations 2.13 and 2.12 should be close if the minor species are not in significant proportion, as in this example. However, the chromatograms show that the peaks of
the free metal for the last two samples are rather flattened, which can introduce more error during area integration. This example demonstrates the difficulties in using a large
excess of ligand to determine the stability constant with this method.

2.3.1.2 Zn-EDTA complex. A typical chromatogram for the Zn system is shown in Figure 2.7. Similar to Co-EDTA, the complex elutes at void time, while the free zinc ion
elutes later. However, the retention time for free zinc ion is smaller than that of cobalt
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and the peak is narrower, indicating that free zinc ion has a weaker retention on AG-7.
Linear regression with Equation 2.13 is shown in Figure 2.8.

The log K f ' and n values calculated with different equations are listed in Table 2.7,
showing that Equation 2.13 is also applicable to the Zn-EDTA complex, except that the
linearity is not as good as for cobalt. This may be due to a higher background in the
chromatograms and competition from ammonia from the mobile phase, which introduces
more error in the area integration. This was also observed by Huang [19].
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Figure 2.7. IEC-ICP-MS chromatogram for Zn-EDTA solution (100 μg/L or 1.53 µM Zn
and 0.76 µM EDTA).
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Figure 2.8. Linear regression to determine logKf’ (intercept) and n (slope) of Zn-EDTA
complex with Equation 2.13.

Table 2.7. Conditional stability constant (log K f ' ) and chelation number (n) of Zn-EDTA
calculated using different equations.

log K f '

n

Equations
Expected

Obtained

Expected

Obtained

Equation 2.13

7.66

7.34 ± 0.55

1

1.10 ± 0.08

Equation 2.12

7.66

9.56 ± 0.32

1

1.52 ± 0.05

Equation H-1

7.66

11.5 ± 0.75

1

2.00 ± 0.13
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2.3.2 Determination of stability constant of Co-EDTA with IonPac®CG-5A

Another column, IonPac®CG-5A, was also tested for the separation for a single metal
complex. The packing material has a similar layered structure as AG-7, but with reversed
sulfonated and quaternary ammonium regions (see section 2.2.1.1 IEC), affording it a
more cationic ion exchange character.
Under the same isocratic separation conditions, free metal eluted later with CG-5A compared to AG-7 and its peak was thus broader, whereas elution of the complex was similar.
In other words, CG-5A makes the elution of free metals more difficult in isocratic mode.
However, EDTA as a complexing agent in gradient elution made free cobalt ion elute
earlier, resulting in a shaper symmetrical peak, as shown in Figure 2.9.
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Figure 2.9. IEC-ICP-MS chromatograms for 100 µg/L Co with isocratic (blue) and gradient (pink) elution using IonPac®CG-5A (flow rate: 1.5 mL/min).
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Elution profiles for repeated injections of free metal ions showed no extra signals before
the free metal peak, confirming that there was no leftover EDTA after one complete elution cycle. Figure 2.10 shows a typical chromatogram of Co-EDTA complex separated
on CG-5A with gradient elution, using EDTA to elute the free cobalt ions following elution of the complex. Solutions with varied Co concentrations were used to check the Co
concentration range over which stability constant and chelation number can be obtained.
Figures 2.11-2.13 show the resulting linear regression plots using Equation 2.13. Table
2.8 summarizes the data thus obtained.

Table 2.8. Conditional stability constant (log K f ' ) and chelation number (n) of Co-EDTA
complex determined with Equation 2.13 at different cobalt concentrations.

Concentration of
total Co, M

log K f '

n

Expected

This work

Expected

This work

8.54×10-7

7.48

7.44 ± 0.41

1

1.06 ± 0.06

4.27×10-7

7.48

7.86 ± 0.12

1

1.09 ± 0.02

2.05×10-7

7.48

7.69± 0.42

1

1.08 ± 0.06
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Figure 2.10. IEC-ICP-MS chromatogram for Co-EDTA solution (100 μg/L or 1.69 µM
Co and 0.848 µM EDTA) on CG-5A with gradient elution.
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Figure 2.11. Linear regression to determine logKf’ (intercept) and n (slope) of Co-EDTA
complex with 50 µg/L or 0.854 µM Co using Equation 2.13 (pH 3.8, flow
rate 1.5 mL/min).
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Figure 2.12. Linear regression to determine logKf’ (intercept) and n (slope) of Co-EDTA
complex with 25 ppb or 0.427 µM Co using Equation 2.13 (pH 3.8, flow rate
1.5 mL/min).
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Figure 2.13. Linear regression to determine logKf’ (intercept) and n (slope) of Co-EDTA
complex with 12 µg/L or 0.205 µM Co using Equation 2.13 (pH 3.8, flow
rate 1.5 mL/min).
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Consistently good results were obtained down to 2.05 × 10-7 M Co. Note that the range
of concentration of a specific metal over which this method applies largely depends on
the sensitivity of the ICP-MS instrument to this specific element.

2.3.3 Multi-elemental determination of the conditional stability constants of CoEDTA and Zn-EDTA by gradient elution with IonPac® CG-5A

The multi-elemental detection capability of ICP-MS provides the possibility to simultaneous determine the stability constants of complexes of different metals. The proposed
method was thus further applied to the simultaneous determination of the stability constants of complexes of different metals with the same complexing agent. Due to the preliminary success with the single element complex, Co-EDTA and Zn-EDTA, mixtures of
Zn2+ and Co2+ with EDTA, in the same conditions, i.e., 0.1 M NH4NO3 at pH 3.80, were
used. The separation was performed on IonPac®CG-5A with the same gradient elution
program as described in section 2.3.2.

A typical chromatogram is shown in Figure 2.14. Similar to the single elemental complex system in section 2.3.2, both complexes eluted at void time with MPA, while the
free metal ion eluted with MPB. Equation 2.14 was used to calculate the concentration of
EDTA. Figure 2.15 shows the resulting linear regression plots to calculate the log K f '
and n values of Co-EDTA and Zn-EDTA, respectively, which deviated more from the
expected values than those obtained from the mono-elemental systems. Also, the repeatability was not very good, indicating a poorer robustness of this procedure for multielemental complex system. One rationale for this difference (versus a mono-elemental
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complex system) is that, the concentration of the uncomplexed EDTA was calculated
with more variables in a multi-elemental complex system than in a mono-elemental one,
which in turn introduced more errors. One way to increase the accuracy is to increase the
concentration of reacting species to reduce relative errors in both sample manipulation
and mathematical treatment, which, however, will compromise the benefit of this twostep method.
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Figure 2.14. Stacked IEC-ICP-MS chromatograms of Co-EDTA and Zn-EDTA in a dielemental complex system. The total concentrations of Co, Zn and EDTA
are 1.70, 4.13 and 2.91 µM, respectively.
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Figure 2.15. Linear regression to determine logKf’ (intercept) and n (slope) of Co-EDTA
(a) and Zn-EDTA (b) with a di-elemental complex system containing 1.70
µM of Co, 4.13 µM of Zn and an EDTA concentration ranging from 1.17
µM to 4.66 µM.
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In any case, the scope of applicability in terms of the candidate metal species is also limited. Let us suppose an ideal 2 metals/1 ligand complex, where metals A and B form
complexes with ligand L independently, so that the ratio of metal complex concentration
to free metal concentration for each element can be expressed by rearrangement of Equation 2.2 as:

[ M A LmA −nl ] /[ M mA + ] = K f A × [ Ll − ]n

(2.16)

[ M B LmB −nl ] /[ M mB + ] = K f B × [ Ll − ]n

(2.17)

It is apparent that the ratio of metal complex to its free metal counterpart is proportional
to the conditional stability constant. So, one prerequisite to the simultaneous determination of stability constants is that these stability constants are close; otherwise the concentration window over which the regression process can be applied will be very narrow (see
discussion in section 2.1.4 Derivation of stability constant expressions). For example, if
the logarithm of the stability constant of A and B with ligand L differs by 2,
i.e.

K fA
K fB

= 100 , the ratio of [ MLm − nl ] /[ M m + ] of metal A will be 100 times that of metal B.

This big difference in their requirements of ligand amounts to form complexes makes the
area-ratio based analysis practically impossible to execute. In fact, a far more sensitive
detector than ICP-MS would be required.

To test the usefulness of applying this IEC-ICP-MS procedure on, for instance, the simplest 2-element system, two metals with stability constants close in value would be re76

quired, according to the above theoretical analysis. In the extreme case, where the two
metals have identical stability constants, the multi-elemental test will be meaningless: it
is of no difference from determining stability constant using different isotopes like
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Zn

or 64Zn in one-elemental complexing system. Therefore, this subject was not further pursued in this thesis work.

2.4 Summary

Hyphenated IEC and ICP-MS is a useful method for the determination of stability
constants of metal complexes at very low concentrations (µM level) with appropriate
mathematical treatments. The over simplification of the formation constant expression
(H-1) caused the deviation of the chelation number in the previously approach. The
primary assumption in using ion exchange chromatography to separate metal
complexes is that there is no shift of equilibrium during the elution process [18, 22,
27, 28]. It is preferable that the free metal ions bind to the ion exchanger while the
complexes elute freely from the column. As the data fit the equations that were
deduced without considering the influence of the ion exchanger, the primary
assumption appears to be justified.

Both IonPac AG-7 and CG-5A are suitable columns for this purpose. With AG-7, isocratic elution was able to separate both the metal complex and free metal species of Co and
Zn within 5 minutes; while with CG-5A, a gradient elution was adopted to elute the free
metal species. The multielemental detection capability of ICP-MS provides the possibility of extending the method thus developed to multielemental complexation system; how77

ever, the accuracy of the resultant values for both Kf’ and n were not as good as for a
mono-elemental system. Besides, fundamental calculations also showed that the ratio of
metal complex to free metal is proportional to Kf’, making it difficult to execute the measurement for metals that have a relative large difference in value of Kf’. In view of these
limitations, this line of work was not further pursued in this thesis.
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Chapter 3
Chromium speciation analysis at trace level in potable water using hyphenated ion exchange chromatography and inductively coupled plasma mass spectrometry with collision/reaction interface
3.1 Introduction
Chromium is widely used in industrial processes such as metallurgy, metal plating, paint
and fertilizer production, and wood preservation. Waste disposal from these industrial
activities is a major source of chromium pollution in the environment. Rocks and minerals that have high chromium content can also release chromium into soils and waters
through natural weathering processes [1]. Chromium affects humans through direct contact, inhalation of air, drinking and eating.

Hexavalent Cr and trivalent Cr are its two major oxidation states, which have very different physical and chemical properties. While Cr(VI) exists as H2CrO4, HCrO4-, H2CrO42or Cr2O72-, depending on acidity and concentration, and is highly soluble in aqueous solution, Cr(III) exists as Cr(III) in acidic solutions and forms Cr(OH)2-, Cr(OH)2- and
Cr(OH)3 in neutral to slightly basic conditions [2]. The interconversion of this redox pair
is pH dependent: acidic conditions increase the reduction potential energy of Cr(VI), facilitating the reduction to Cr(III) in the presence of a reducing reagent; on the other hand,
basic conditions help the stabilization of Cr(VI), but will de-stabilize Cr(III) by favoring
precipitation. Cr(VI) and Cr(III) also affect physiochemical processes differently. Indeed,
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Cr(III) is an essential micro-nutrient for biological activities, while Cr(VI) is believed to
be toxic and carcinogenic [3]. Speciation analysis (i.e., the determination of the quantity
of each individual species) must thus be carried out for toxicological risk assessment of
food and drinking water.

3.1.1 IEC as separation technique for chromium speciation analysis

Various types of liquid chromatography, which is one of the most versatile separation
techniques in analytical chemistry, have been used to separate this redox pair, including
thin layer chromatography [4], reversed phase chromatography [5-9] and ion-exchange
chromatography (IEC)[10-16]. The latter is the most widely used approach due to the ionic nature of the chromium species. As the redox pair possesses opposite charges, complexing agents are often used to switch over the charge state of one of the species, usually
Cr(III), so as to retain both species onto the stationary phase. A complexing agent can
also facilitate desorption of Cr(III), necessitating the use of a less concentrated electrolyte
as mobile phase. With this methodology, reasonably good results were reported when the
analyte concentration was at the 1-10 µg/L level. Bednar et al. used EDTA as complexing agent to convert the charge state of Cr(III) and separated it from Cr(VI) with an anionic ion

exchange column set (IonPac®AG-11/AS-11). The same methodology was

adopted by researchers using Varian [16] and PerkinElmer [8] ICP-MS instruments.
However, an addition of complexing agent may be problematic for analysis at trace levels
where contamination control is usually the key to a reliable analysis.

Hence, keeping the sample in its original state is preferred for trace speciation analysis.
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This can be achieved using tandem columns to selectively retain analytes of different
charge states (cationic, anionic and neutral), which are then separated through sequential
elution. Motomizu and coworkers used dual mini-columns or disks that were made of
different resins with opposite ion exchange capability to selectively collect Cr(III) and
Cr(VI), followed by their sequential elution [17, 18]. In fact, some ion-exchange columns with dual exchange capability are commercially available and were successfully
used for speciation studies [13, 19-21]. Beauchemin and coworkers demonstrated the
dual exchange capability of IonPac®AG-7 and AS 7 during the speciation analysis of As
and the stability constant determination of metal-EDTA complexes [19-21]. Séby et al.
reported a chromium speciation analysis procedure with a tandem column set IonPac®CG5A-CS5A using nitric acid of varied concentrations as the mobile phases to elute
Cr(VI) and Cr(III) in sequence [13]. As will be demonstrated in this work, a simple guard
column of such material with both cation and anion exchange capabilities can be used to
achieve a quick quantitative separation of Cr(III) and Cr(VI).

3.1.2 ICP-MS as IEC detector

Inductively coupled plasma mass spectrometry (ICP-MS) is the most preferred detection
technique in elemental speciation analysis due to its great sensitivity, selectivity, and
multi-elemental detection capability, which affords an additional dimension for IEC separation, as, unlike with common ion detectors, separation of the species from different
elements is not required, [22, 23]. However, ICP-MS suffers from spectroscopic interferences, which can arise from either isobaric or polyatomic ions. Indeed, although Cr has
three stable isotopes, 52Cr, 53Cr, 54Cr, with 52Cr (83.789%) being the most abundant one,
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there may be isobaric interference from 54Fe+ on 54Cr+, and polyatomic interferences from
40

Ar12C+,

36

Ar16O+ and

35

Cl16O1H+ on

52

Cr+, and from

40

Ar13C+ and

37

Cl16O+ on

53

Cr+.

Given that Fe, C, O and Cl are often abundant in sample solutions (with dissolved carbon
dioxide not being negligible), other approaches have been used to circumvent these interferences, such as mathematical corrections [24], or using either a double-focusing sector
field mass spectrometer [25] or a collision/reaction cell [5, 11, 14, 15, 26]

However, each approach has its pros and cons. For example, increasing mass resolution
may result in a loss in sensitivity and increased equipment cost [27]. Although mathematical correction may appear cost-effective, every parameter cannot always be accurately defined in the presence of complicated matrices and, in any case, such correction increases uncertainty [24]. Instruments equipped with a collision/reaction cell are not as
expensive as double-focusing sector field ones, but they can usually only resolve some
interferences through selective reaction of the analyte or interferent ion with the collision
gas so that the analyte ion becomes free of interference [5, 11, 14, 15, 26]. Contrary to the
common utilization on collision/reaction cell, there is far fewer reports on the collision/reaction interface (CRI), where a collision/reaction gas is introduced through the tip
of the sampler or skimmer, to remove polyatomic interferences [16, 28]. Although the
CRI approach requires a relative larger consumption of collision/reaction gas than typically used in collision/reaction cells, much less stabilization time is needed between CRI
and no CRI operation modes.

This work aimed to develop a simple method for chromium speciation analysis in potable
water by IEC-ICP-MS, which would be suitable as a quick risk assessment method. To
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this end, several conditions must be satisfied. The direct analysis of water samples, without any pretreatment, should be done so as to preserve the original Cr speciation. The
mobile phase(s) should be selected so as to avoid inter-conversion of the redox species
during separation as well as salt and soot deposition on the ICP-MS interface cones. The
stationary phase should retain both Cr species. Any polyatomic interference should be
efficiently removed using the CRI so as to improve limits of detection of Cr species.
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3.2 Experimental

3.2.1 Instrumentation

3.2.1.1 IEC. A Dionex 600/BioLC liquid chromatography system equipped with a GS
50 gradient pump, a Rheodyne 9750E injector and a 50-µL sample loop was used. All
connections and fittings were made of PEEK. IonPac®AG-7 guard column (10 μm, 50 ×
4 mm i.d.) was used to separate Cr (III) and Cr (VI). This column has both cation and
anion exchange capabilities due to the presence of sulfonic and alkyl quaternary ammonium functionary groups [29]. Gradient elution program was used with 0.1 M ammonium nitrate and 0.8 M nitric acid as mobile phases to remove Cr(VI) and Cr(III) respectively. The operation conditions are summarized in Table 3.1.
The column was cleaned daily by pumping mobile phase B for 10 minutes, and then stabilized with mobile phase A for 30 minutes at a flow rate of 1.5 mL/min. The column
was cleaned more rigorously when appreciable broadening or deformation of peak shape
was observed. In such a case, mobile phase B was pumped through the column for an
hour that has been installed reversely opposite to the normal flow direction for one hour,
then the column was reinstalled in the normal flow direction and equilibrated with mobile
phase A for 1 hour, at 1.5 mL/min.

The sample solution was manually loaded into a 50-µL sample loop with a syringe and
injected automatically when the elution program was executed. The syringe was rinsed
with sample solution thoroughly before injecting any sample for analysis. The outlet of
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the column was connected to the liquid inlet of the ICP-MS nebulizer using a 50 cm long,
0.25 mm inner diameter PEEK tubing.

Table 3.1. IEC separation conditions
Parameter

Setting

Column

IonPac® AG-7
4.0 mm ID × 50 mm, 10 µm

Column temperature

Ambient

Mobile phase

A: 0.1 M ammonium nitrate, pH = 4.0
B: 0.8 M nitric acid

Elution program

0-2.5 min: mobile phase A
2.5-4.5 min: mobile phase B
4.5-7.5 min: mobile phase A

Flow rate (mL/min)

1.5

Sample injection volume (µL)

50

3.2.1.2 ICP-MS.

3.2.1.2.1 Varian 820-MS ICP-MS. A quadrupole ICP-MS instrument, model Varian
820-MS, was used and an IEC detector. The ICP-MS was equipped with a Micromist™
nebulizer, a Peltier-cooled Scott-type double-pass spray chamber (see Figure 3.1) and a
three-channel peristaltic pump. The unique features of this instrument include a CRI system that can reduce polyatomic ion interferences; a 90-degree ion mirror and low noise
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double off-axis quadrupole leading to high sensitivity and low background; and Turner
interlaced RF coils that break down sample matrix material more efficiently and thus reduce possible matrix effects, and minimize ion a potential energy spread. The spatial arrangement of these features is shown in Figure 3.2.

Liquid inlet

Plasma gas
Auxiliary gas

Nebulizer gas

Sheath gas

To waste

Figure 3.1. Diagram of Varian 820-MS sample introduction system [30].

The CRI feature is very useful to eliminate polyatomic interferences that conventionally
plague chromium detection by low resolution ICP-MS. The CRI is spatially located within the sampling interface, i.e., the sampler and skimmer cones (see Figure 3.3). The CRI
gas can be introduced through a groove inside the cones and collides/reacts with plasma
species as it cuts in the plasma path. The CRI gas causes all the ions passing through the
cone(s) to slow down. Because polyatomic ions are physically larger than analyte ions,
they have a better chance to collide with the CRI gas and lose more velocity. If they lose
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enough energy, they will not be able to pass through the ion optics and into the mass analyzer, and thus become eliminated. Introducing gas through the skimmer cone allows
more efficient collision/reaction than through the sampler cone. He and H2 are frequently
used CRI gases, with H2 being more effective as a reaction gas due to its higher reactivity. However, the CRI gas will also decrease the number of analyte ions and polyatomic
interferents at the same time, therefore, it is necessary to optimize the flow rate so that the
influence from the interferents is minimized without losing too much sensitivity for the
analyte [30].

Interlaced coils
To mass analyzer
CRI system

Off-axis quadrupole

90 ° reflection mirror

Figure 3.2. Spatial arrangement of the interlaced coils, the CRI system, the 90-degree reflection mirror and the off-axis quadrupole (adapted from reference [31]).
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Positively charged
ion beam

Plasma

To ion optics

Skimmer cone

Sampler cone

Figure 3.3 Diagrammatic illustration of the CRI system. A collision/reaction gas is introduced through the cone(s). At that point, the plasma still possesses a high
temperature and ion density, which facilitate chemical reactions and collisions, leading to efficient removal of interfering polyatomic ions (adapted
from reference [32]).
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3.2.1.2.2 Optimization for chromium speciation analysis. Torch alignment was performed daily using a tuning solution containing 5 μg/L of Be, Mg, Co, In, Ce, Pb and Ba
in 1% nitric acid DDW solution that was prepared by dilution from a 10 µg/mL Varian
tuning solution (Spectropure™, St Louis, Missouri, USA).
To optimize the CRI gas flow rate, a 1% isopropanol solution (HPLC grade, Fisher
Scientific) in DDW containing 10 μg/L Mn was used, where 55Mn acted as a surrogate
element for Cr because of the large

40

Ar12C+ background generated at m/z 52 by

isopropanol. Hence, since the m/z 52 was reserved for monitoring the

40

Ar12C+

spectroscopic interference, analyte sensitivity was, in effect, monitored through Mn.
The signal ratio of m/z 55 over m/z 52 was monitored while increasing the CRI gas
flow rate. As CRI gas was introduced, the sensitivities at both m/z 52 and m/z 55
were reduced, but that at m/z 52 decreased more than that at m/z 55, resulting in an
improved signal-to-background ratio. As the CRI gas flow rate was increased, the
ratio reached a maximum and then decreased. The flow rate corresponding to the
maximum was thus adopted.

At this optimal CRI gas flow rate, a preliminary optimization of the ion optic was
carried out using the auto-optimization function with 1% nitric acid containing 20
μg/L of Sc, As and Y. Fine tuning of the ion optic was then done with 1% nitric acid
containing 5 μg/L of Cr [30]. For trace analysis, the nebulizer, torch, sampler and
skimmer cones were cleaned and a full optimization procedure was performed,
including plasma alignment, mass calibration, mass resolution and trim, detector
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setup, CRI gas flow rate and ion optic settings.

The conditions given in Table 3.2 were used for the quantitation of Cr species in real
samples. During developmental work, 53Cr+ was also monitored to help identify peaks
due to Cr through a comparison of the

52

Cr+/53Cr+ peak area ratio to that expected

from natural abundances.

Table 3.2. ICP-MS operating conditions

ICP

Sampling interface

CRI

Spray chamber

Ion optics

Parameter

Setting

Ar plasma gas flow rate (L/min)

18.0

Ar auxiliary gas flow rate (L/min)

1.80

Ar nebulizer gas flow rate (L/min)

0.93

Ar sheath gas flow rate (L/min)

0.23

Plasma RF power (kW)

1.40

Monitored m/z

52

Dwell time (s)

0.5

Sampler cone; tip i.d.

Ni; 0.9 mm

Skimmer cone; tip i.d.

Ni; 0.4 mm

Skimmer gas

H2

Skimmer gas flow rate (mL/min)

70

Sampler gas

OFF

Temperature (°C)

3

Draining pump rate (mL/min)

2.0

First Extraction Lens (V)

-42
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Parameter

Setting

Second Extraction Lens (V)

-165

Third Extraction Lens (V)

-210

Corner Lens (V)

-212

Mirror Lens Left (V)

32

Mirror Lens Right (V)

24

Mirror Lens Bottom (V)

28

Entrance Lens (V)

1

Fringe Bias (V)

-3.2

Entrance Plate (V)

-35

Pole bias (V)

0.0

3.2.2 Reagents and solution preparation

3.2.2.1 Reagents. Doubly deionized water (DDW) (18.2 ΩM/cm, Milli-Q Plus System,
Millipore, Mississauga, Ontario, Canada), ultrapure nitric acid (ULTREX® II, 70%, J.T.
Baker, Phillipsburg, NJ 08865, USA), ultrapure ammonium hydroxide (TraceMetal
Grade, Fisher Scientific, Canada) and stock Cr(III) solutions (1000 µg/ml, 4%HNO3)
from SCP Science (Baie D'Urfé, Québec, Canada) were used. In the case of Cr(VI), a
stock solution (1000 µg/ml, pH = 8.0) was prepared by dissolving potassium dichromate
(J.T.Baker, Phillisburg, NJ 08865, USA) in DDW. All standard solutions were prepared
daily by dilution of the stock solutions with DDW.
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To optimize the CRI conditions, varying concentrations of sodium chloride (certified
ACS reagent, Sigma-Aldrich Laborchemikalien, GmbH, Germany) or sodium bicarbonate (Certified ACS reagent, Fisher Scientific, NJ 07410, USA) were spiked into blank
solutions or solutions containing 20 μg/L of both Cr(VI) and Cr(III). These aqueous solutions were prepared immediately before speciation analysis. The accuracy of the method
was verified using riverine water SLRS-2 (National Research Council of Canada, Ottawa,
ON, Canada) with a certified total chromium concentration. Tap water was collected
from the fountain in this laboratory right before analysis and analyzed directly.

3.2.2.2 Sample solution preparation. High-density polyethylene (HDPE) bottles were
used as sample containers. They were soaked in 15% nitric acid, rinsed, soaked in DDW
for 24 hours, and air-dried. The riverine water SLRS-2 was stored in HDPE bottle at 4 ˚C
and used directly without further treatment. For speciation analysis of SLRS-2 by the
method of standard addition, an aliquot of the original riverine water was spiked with 10
μg/L each of Cr(VI) and Cr(III), and left at room temperature for 24 hours. Aliquots of
this conditioned spike solution were then diluted with SLRS-2 so as to obtain Cr concentrations ranging from 0.2 to 4 μg/L. For speciation analysis by external calibration, a series of standard solutions with concentrations ranging from 0.1 to 100 μg/L of each species were prepared in 0.1 M ammonium nitrate. The HDPE bottle used for the tap water
sample was rinsed with tap water 3 times prior to sample collection, which was done immediately before analysis. Enough tap water was collected to allow analysis by both the
method of standard additions and external calibration.
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3.2.3 Recovery test

Recovery tests were performed to check the elution efficiency of the injected metal species. Six replicate 50-µL injections of a standard solution containing 0.5 mg/L each of
Cr(III) and Cr(VI) prepared in 1% nitric acid were made onto the AG-7 column using the
chromatographic conditions in Table 3.1. The eluates from the different replicates were
collected in separate flasks of known weights. The flasks loaded with the elutate were reweighed, and the eluates weights were converted into volumes using the measured density of the mobile phases. External standardization was used to quantify the total metal
concentration in the eluate, using standard solutions over the concentration range 1-100
µg/L prepared in a 27%/73% mixture of mobile phases B and A.

3.2.4 Data processing

An in-house QBASIC® program was used to treat the raw data for smoothing (with a 7point polynomial Savitzky- Golay moving window) and integration of peak areas. The
latter were used for all subsequent calculations, which were done using a Microsoft Excel® (Microsoft Office 2003, Microsoft, USA) spreadsheets.
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3.3 Results and discussion

3.3.1 Optimization of CRI conditions to reduce ArC+ interference
As described in section 3.2.1.2.2, optimization of the CRI gas flow rate was carried out
by maximizing the ratio of the signal of a surrogate element, 55Mn, which is close in m/z
to Cr, over the signal of the interferent at m/z 52, while aspirating a 1% isopropanol solution containing 10 μg/L Mn. The optimal gas flow rate was 70 mL/min for H2 and 50
mL/min for He. The ion optics were then re-optimized with the optimal CRI gas. The
signal intensities at m/z 52 and m/z 55 and their relative standard deviation (RSD) for a
10 μg/L Mn solution, with and without CRI gas, are summarized in Table 3.3. They
show that either He or H2 significantly reduced the background signal, but that H2 was
most efficient. On the other hand, analyte sensitivity was also concurrently sacrificed.
Nonetheless, the best detection limit was obtained with H2 in the CRI, which was thus
used for the remainder of this work. Also, the mass bias at this flow rate was not significantly different than that without CRI tuning.
Table 3.3. Signal intensity at m/z 52 and m/z 55 for DDW spiked with 10 μg/L Mn using
different CRI modes.
m/z 52
intensity,
counts/s

%RSD
(n = 5)

m/z 55
intensity,
counts/s

%RSD
(n = 5)

m/z 55
/m/z 52

Relative
m/z 52
intensity,
%

Relative
m/z 55
intensity, %

Detection
limit for
m/z 52,
µg/L

No CRI gas

164,300

0.77 5,737,600

0.50

35

100

100

0.1

He, 50 mL/min

24,370

1.1

2,084,000

0.98

86

15

36

0.008

H2, 70 mL/min

5,450

4.0

633,500

0.93

116

0.3

11

0.005
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3.3.2 Optimization of Cr speciation analysis method

3.3.2.1 Chromatographic separation. An IonPac® AG-7 guard column was chosen to
do the separation due to its dual ion exchange capability [19]. As the chromium redox
pair exhibits a very different retention behavior on the stationary phase, a gradient elution
program of varying ionic strength was adopted to perform the separation, as shown in
Table 3.1. In a typical chromatographic separation, Cr(VI) was eluted with mobile phase
A followed by Cr(III) eluted with mobile phase B (see Figure 3.4b). The two major problems with chromium speciation, i.e., precipitation of Cr(III) and reduction of Cr(VI) to
Cr(III) in presence of a reducing reagent, were not observed at all with this chromatographic method. The average Cr recovery from the column was 101.5 ± 2.0% (n = 6).
Although this result was established using standard solutions, the good agreement obtained for SLRS-2 (see section 3.3.6 Speciation analysis of chromium in certified riverine
water SLRS-2) indicates that quantitative recovery was also obtained for real samples.

3.3.2.2 Elimination of chlorine-based spectroscopic interferences. Chlorine is commonly present in environmental, food and biological samples. The polyatomic ions
35

Cl16O1H+ and 37Cl16O+ may interfere with

52

Cr+ and

53

Cr+, respectively. However, un-

der the separation conditions summarized in Table 3.1 and as shown in Figure 3.4a, Clelutes completely before Cr(III) and Cr(VI) and will thus not interfere with the detection
of either Cr species. Even if no separation was performed, Figure 3.4b demonstrates that
this interference would be negligible on

52

Cr+, even without H2 CRI gas, but

37

Cl16O+

would preclude the determination of Cr using 53Cr+ if no separation was done (see Figure
3.4c).
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Figure 3.4. Chromatograms obtained for1000 mg/L of Cl and 20 μg/L each of Cr(VI) and
Cr(III) under three different modes: without CRI gas, with 50 mL/min He and
with 70 mL/min H2. a) m/z 35, b) m/z 52 and c) m/z 53 were monitored. A
secondary y-axis (right side) was used for the H2 CRI mode for better visualization.

3.3.2.3 Elimination of carbon-based spectroscopic interferences. The polyatomic ion
40

Ar12C+ usually is a major contributor to the high background signal intensity at m/z 52,

and arises from the ubiquitous presence of carbon dioxide in the air and dissolved in solution as well as organic material in sample matrix. Figure 3.5 shows the chromatograms
obtained for a series of Cr-free sodium bicarbonate solutions while monitoring m/z 52
without CRI gas. The blank (DDW) was also included to show that the baseline was
higher with mobile phase B (0.8 M HNO3), i.e., from 180 to 300 s, than with mobile
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phase A (0.1 M NH4NO3). The peak from 200 to 220 s is caused by the elution of accu-

450000

blank
10 mg/L

400000

Signal intensity of m/z 52, counts/s
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100 mg/L

350000
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300000
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Time, s

Figure 3.5. Stacked chromatograms observed without CRI gas for a series of sodium bicarbonate solutions with concentrations ranging from 10 to 500 mg/L.

mulated chromium from mobile phase A (see section 3.3.3 Background correction for a
more detailed discussion). Figure 3.5 also shows that there is an extra peak from 16 to
120 s for all sodium bicarbonate solutions, whose size and intensity increase with sodium
bicarbonate concentration. As this extra peak overlaps with the retention time of Cr(VI),
it would complicate the speciation analysis of samples containing carbonate ions, which
is frequently the case with environmental and biological samples.

Figure 3.6a compares the chromatograms of 500 mg/L bicarbonate solution spiked or unspiked with 20 μg/L each of Cr(VI) and Cr(III). The peaks were assigned by spiking the
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bicarbonate solution with Cr(VI) and Cr(III) separately as shown in Figure 3.6c. The split
ting of Cr (III) into three peaks was speculated to arise from different charge states of

Signal intensity of m/z 52, counts/s

1400000

Cr(IV)

a

Without CRI gas

1200000

With Cr spiking
No Cr spiking

1000000

Cr(III)

Cr(III)

800000
600000
400000
200000
0
0

50

100

150

200

250

300

Tim e, s

b

12000

With H2 as CRI

Signal intensity of m/z 52, counts/s

Cr(IV)
No Cr spiking

10000

w ith Cr spiking
8000

Cr(III)

Cr(III)

6000

4000

2000

0
0

50

100

150
Tim e, s

102

200

250

300

14000

Signal intensity of

52

Cr, counts/s

No spike
Cr(VI)

c

12000

Cr(III)
10000
8000
6000
4000
2000
0
0

50

100

150

200

250

300

Tim e, s

Figure 3.6. Chromatograms obtained a) without CRI gas, b) with 70 mL/min H2 CRI gas
for solutions containing 500 mg/L sodium bicarbonate, with and without 20
μg/L each of Cr(VI) and Cr(III), and c) with 70 mL/min H2 CRI gas for 250
mg/L sodium bicarbonate solution without Cr (blue), spiked with 10 μg/L of
Cr(VI) (pink) and spiked with 10 μg/L of Cr(III) (green).
[Cr(OH)x]3-x complexes [13]or from Cr(III)-carbonate complexes, which have multiprotic nature. The sum of the areas of these peaks corresponded to that of Cr(III) in bicarbonate-free solution.

Although the peak due to bicarbonate might be eliminated

through background subtraction, the preparation of a suitable blank for real sample analysis, where the amount and identity of carbon-containing species varies widely, would not
be an easy task. By using the CRI with H2, the spectroscopic interference from bicarbonate was completely eliminated, as shown in Figure 3.6b. Hence, using H2 as CRI gas
effectively eliminates the polyatomic interferences arising from chlorine and carbon and
is thus highly recommended for the chromium speciation analysis of real samples.
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3.3.3 Background correction

Chromium contamination of the mobile phases cannot be ignored when performing trace
and ultra-trace speciation analysis. A typical chromatogram of the blank is shown in
Figure 3.7, where similar elution profiles result for m/z 52 and m/z 53.
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Figure 3.7. Blank chromatogram obtained by injection of DDW with CRI gas on. A secondary y-axis was used for m/z 53 to better visualize the resemblance of these
two isotopes as to elution profiles. The green line illustrates the elution gradient.

The ratio of peak areas of m/z 52 vs. m/z 53 is 8.57 ± 0.36 (n = 5), which is comparable
to that obtained by direct nebulization of a standard Cr solution (8.34 ± 0.01, n = 5). The
increase in baseline between 180 and 300 s clearly arises from Cr contamination of mo-
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bile phase B, whereas the superimposed peak at around 205 s is due to elution of Cr accumulated from mobile phase A. Indeed, although Cr(VI) is eluted by mobile phase A,
Cr(III) can only be eluted by mobile phase B, and can thus accumulate on the column, in
addition to Cr(III) from the injected sample, while mobile phase A is pumped through the
column.

Even though ultrapure nitric acid and ammonium hydroxide were used to prepare the
mobile phases, the latter nonetheless contained around 4 ng/L Cr, which was determined
with a pre-concentration procedure (see section 3.3.4 Determination of limit of detection
(LOD)). Attempts to purify the mobile phases by, for instance, pumping them through a
cationic ion exchange column, did not significantly lower this concentration. Because the
total volume of mobile phase A passing through the stationary phase is 8.25 mL (1.5
mL/min multiplied by 5.5 min) per chromatographic separation, essentially any trace of
Cr can result in a detectable peak at the retention time for Cr(III). This is further supported by the fact that the size of the peak was directly proportional to the length of time
during which mobile phase A was pumped through the column prior to switching to mobile phase B. Hence, blank subtraction was required to eliminate the Cr(III) contribution
from mobile phase A.

3.3.4 Determination of limit of detection (LOD)

A series of samples containing 0.1-100 μg/L each of Cr(VI) and Cr(III) in 0.1 M ammonium nitrate were analyzed using the conditions shown in Table 3.1 and 3.2. Figure 3.8
illustrates the elution profiles of the standard samples, exemplifying good repeatability as
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to retention time and peak shape. The peak area of the blank was calculated over the
same retention time range as the spiked samples. Eight blanks were used to calculate the
limit of detection.

[Cr(III)]

[Cr(VI)]

Figure 3.8. Blank-subtracted chromatograms of 0.1-100 μg/L Cr standard solutions.

The calibration curves for Cr(VI) and Cr(III) in Figures 3.9 and 3.10 show good linearity,
with correlation coefficients of 0.999 or higher. The resulting LOD was 0.02 and 0.04
μg/L for Cr(VI) and Cr(III) respectively. The residual Cr(III) in the mobile phase is a major cause of the relatively higher LOD for Cr(III).
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Figure 3.9. Calibration curve for Cr(VI) using standards ranging from 0.1 to 100 μg/L.
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Figure 3.10. Calibration curve for Cr(III) using standards ranging from 0.1 to 100 μg/L.
Note: Because good linearity was observed, only one standard solution was analyzed for
each concentration level.
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3.3.5 Determination of the Cr content of the mobile phase

The Cr(III) peak of the blank was treated as a real sample in speciation analysis to estimate the Cr content of the mobile phase. The peak area translated to 0.714 ± 0.053 μg/L
according to the calibration curve in Figure 3.10. This would correspond to 35.8 ± 2.7 pg
injected using the 50-μL sample loop. Divided by 8.25 mL, the total volume of 0.1 M
ammonium nitrate consumed during one chromatographic separation, the concentration
of Cr in the mobile phase is estimated to be (4.2 ± 0.8) × 10-3 μg/L. The purity of the
mobile phase and the quality of the water used to prepare the standards affect the actual
LOD with this speciation procedure.

Factors affecting the accuracy of sub-ppb to ppb speciation analysis of chromium include
(1) measurement precision, (2) possible contamination during sample preparation and
transfer, (3) sample loss to the container and injecting syringe and (4) conversion between the redox species inside the container and/or on the stationary phase. Extreme care
has to be taken to minimize possible cross-contamination and loss of innate analyte. In
our view, the results so far obtained are satisfactory for regular laboratory working conditions.

3.3.6 Speciation analysis of chromium in certified riverine water SLRS-2

The method we developed was applied to analyze a standard reference sample of riverine
water, SLRS-2, which has a certified total chromium concentration. Riverine water is
usually rich in potential Cr complexing agents, either organic or inorganic. For instance,
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fulvic and humic acids can be major components of streams, lakes and seawater. As carboxylic acids, fulvic and humic acids should be good chelators for positively charged
multivalent ions, including Cr(III) [33, 34]. Humic acid may also be involved in the reduction of Cr(VI) to Cr(III) by such ion as Fe2+ [35]. SLRS-2 was acidified to pH 1.3
with nitric acid for preservation purposes, which likely affected the original Cr speciation.

Figure 3.11shows the chromatograms of riverine water SLRS-2 and a blank (DDW). The
chromatogram of the riverine water after blank subtraction is shown in Figure 3.12. For
SLRS-2, there is no peak detected at the retention time corresponding to Cr(VI), but there
is one near the void time. Spiking this riverine water with 200 μg/L of Cr(VI) followed
by analysis one day later revealed that the Cr(VI) peak disappeared and a peak of commensurate size appeared at near void time. Evidently, this peak evolved from Cr(VI) and
may be a complex of Cr(VI). It may also arise from reduction of the ‘original’ Cr(VI)
species under the rather acidic condition of this water sample [36]. Attempts to analyze
the eluate of this fraction by electrospray ionization mass spectrometry (ESI-MS) (in positive ion mode) were not conclusive. The mass spectrum (Figure 3.13) included several
Cr-containing peaks in the mass range of 300-600 Da, which may have originated from
some fulvic acids [37], as can be seen from the tentative assignment made in Table 3.4.
However, the masses measured did not match the exact masses of these compounds very
well. In any case, the formation of Cr-containing complexes is not surprising in view of
the abundant organic compounds present in riverine water [37]. As this early eluting
peak remained when the chromatographic separation was carried out on an analytical
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column (IonPac® AS-7) instead of just a guard column (not shown), it was thus labeled
as ‘Cr-complex’ in the chromatograms and Table 3.5.
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Figure 3.11. Stacked chromatograms of riverine water SLRS-2 and DDW.
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Figure 3.12. Typical blank-subtracted chromatogram for chromium speciation of riverine
water SLRS-2.
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Figure 3.13. Electrospray mass spectrum of the fraction eluted at void time. The peaks
that are underlined in red were tentatively assigned in Table 3.4.
Table 3.4. Tentative assignment of the peaks (m/z) on the mass spectrum in Figure 3.13*.
Assignment
m/z observed
247.2
265.3
282.3
320.3
563.5
585.5
633.5

Source Molecular
structure
A
A
A
A
B
B+C
B+C
111

Molecular ions and adducts
[A+K-H20]+
[A+K]+
[A+Fe]+
[A+Fe+Cr]+
[2B+Na]+
[B+C+H]+
[B+C+H+Cr]+

* The molecules that have the same formula weight were designated with one letter only.
The corresponding molecular structures are shown below.
COOH

COOH
COOH

COOH

HOOC

OH

OH

COOH

C9H6O7
Exact Mass: 226.01
Mol. Wt.: 226.14
C, 47.80; H, 2.67; O, 49.53

C9H6O7
Exact Mass: 226.01
Mol. Wt.: 226.14
C, 47.80; H, 2.67; O, 49.53

A1

A2

COOH

OH

COOH

OH

HOOC

COOH

HOOC

COOH

COOH

COOH

HOOC
HO

COOH

COOH

COOH

COOH
C10H6O9
Exact Mass: 270.00
Mol. Wt.: 270.15
C, 44.46; H, 2.24; O, 53.30

C10H6O9
Exact Mass: 270.00
Mol. Wt.: 270.15
C, 44.46; H, 2.24; O, 53.30

B1

B2

C11H6O11
Exact Mass: 313.99
Mol. Wt.: 314.16
C, 42.05; H, 1.93; O, 56.02

C

Table 3.5. Concentrations (µg/L) of chromium species in SLRS-2 (n = 3).
Cr-complex

Cr(III)

Cr total

Standard addition

0.28 ± 0.01

0.21 ± 0.03

0.49 ± 0.04

External calibration

0.14 ± 0.01

0.26 ± 0.01

0.41 ± 0.01

Batch analysis

---

---

0.46 ± 0.02

Reference value

NA

NA

0.45 ± 0.07
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Two calibration procedures were used for chromium speciation analysis of SLRS-2: external calibration and standard addition. The total chromium concentration was determined using the same sample solutions employed for the standard addition procedure.
Good linearity with correlation coefficient of over 0.999 was obtained for all the calibration curves. The results are summarized in Table 3.4. The sum of species concentrations
obtained by standard addition and batch analysis are in agreement with the certified value
at the 95% confidence level, while concentrations measured by external calibration were
different at the 95% confidence level. Also, the difference is significant at the 95% confidence level for the concentrations measured for Cr-complex species with these two speciation methods. The data obtained for Cr-complex with standard addition are likely more
accurate because the signal response of this chromium complex species may be affected
(suppressed) by matrix effects caused by the many unretained components that elute at
the void volume. Furthermore, the peak originating from Cr(VI) did not elute at the same
time with SLRS-2 as with standard solutions. However, because both peaks were in the
same mobile phase and close in retention time, the external calibration curve obtained
with Cr(VI) standard solutions was used to quantify it in SLRS-2. Nonetheless, external
calibration would be suitable for screening large numbers of samples.

3.3.7 Speciation analysis of chromium in tap water

Municipal water is the major drinking water source for people, so the quality of tap water
can be closely related to people’s health. In the case of chromium, usually only the total
concentration is monitored to meet the regulations. For example, the U.S. Environmental
Protection Agency (EPA) regulates the maximum concentration of total Cr in drinking
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water to 50 μg/L [38]. As we stated before, due to the different physiological functions
played by Cr(VI) and Cr(III), it may be necessary to determine the concentration of each
species to evaluate the quality of tap water.

A typical chromatogram of an unspiked tap water sample for chromium speciation is
shown in Figure 3.14. Upon spiking, the peak near the void time increased with addition
of Cr(III), which was accompanied by the appearance of shoulders around the free Cr(III)
peak, as was observed for carbonate-spiked DDW sample (Figure 3.6). In fact, many
chromium complexes, whether inorganic, with carbonate and phosphate ions, or organic,
with amino acid in biological samples or humic acid in soil or natural water samples, may
elute near the void time with this anionic exchange column. For the tested tap water,
which came from the municipal water system, carbonate is a likely binder for Cr(III).

Whatever the nature of the complex, it was calculated in combination with the third peak
at about 205s, as the contribution from Cr(III). The matrix effect possibly arising from
different mobile phases as carrier was neglected for simplification. The concentrations of
each chromium species measured by the method of standard addition and by external calibration are summarized in Table 3.6. The values for Cr(III) are in agreement, while
those for Cr(VI) only agree at the 99% confidence level. As in the case of SLRS-2, some
matrix effect is likely the cause of the difference. A standard solution that is matrixmatched to tap water in terms of concentrations of the major ions, e.g. Na+, Ca+2, Mg+2,
Cl-, CO32-, would likely be required to increase the accuracy of the external calibration
method.
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Figure 3.14. Typical blank-subtracted chromatogram for chromium speciation in an unspiked tap water sample.

Table 3.6. Measured concentrations (µg/L) of chromium species in tap water (n = 3).
Method

Cr(VI)

Cr(III)

External calibration

0.160 ± 0.007

0.080 ± 0.015

Standard addition

0.135 ± 0.009

0.080 ± 0.024

3.4 Summary

This work presents a facile procedure for chromium speciation at a sub µg/L level by
coupled IEC and ICP-MS. A guard column with dual ion exchange capability was used to
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separate the oppositely charged chromium species with a gradient elution program that
employed 0.1 M ammonium nitrate (MPA, pH = 4.0) and 0.8 M nitric acid (MPB) as
mobile phases. They were separated directly, without adding complexing or charge
switching agent, which is important for contamination control in trace analysis. The
common problems with chromium speciation, e.g., precipitation of Cr(III) and reduction
of Cr(VI) to Cr(III) were not observed with this chromatographic method. A full separation was achieved within 7.5 min, including a 3-min stabilization, which was shorter than
comparable separation procedures [13, 15-17]. Using a micro-bore column would likely
further reduce the analysis time. The performance of CRI on reducing the polyatomic interferences based on carbon and chlorine along with argon for Cr analysis was evaluated.
The H2 based CRI was shown to be capable of eliminating this type of interferences effectively. The accuracy of this analytical procedure was validated by speciation analysis
of a riverine water SLRS-2 with certified total chromium concentration. It was finally
applied successfully to the chromium speciation analysis of municipal water. Speciation
analysis of Cr(VI) and Cr(III) is a challenging task for analytical chemists due to the potential interconversion of this redox pair during sample preparation and chromatographic
separation. In this method development, the water samples are simple as to matrix composition and used directly without pretreatment. When applying this method to a more
complex matrix that requires pretreatment to extract the species prior to HPLC separation, the stability of the Cr species should be evaluated. A species specific double spike
isotope dilution (SSDID) approach can be used to account for redox species transformation [39-44]. Further application of the speciation procedure to kinetic studies will be described in the following chapter.
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Chapter 4
Kinetics study of the reduction of Cr(VI) in natural water
with IEC-ICP-MS

4.1 Introduction

In Chapter 3, a simple method for chromium speciation analysis at trace level was described, whose accuracy was verified through the speciation analysis of riverine water
SLRS-2 with a certified total chromium concentration. The chromatogram of this water
sample showed a peak at the void time instead of at the expected elution time of the
Cr(VI) peak. This water CRM was acidified to pH 1.3 for the stabilization of metal species. This relatively acidic condition increases the reduction potential of Cr(VI) and thus
its ability to be reduced in presence of natural reducing agents. To test this hypothesis,
the riverine water was spiked either with Cr(VI) or with Cr(VI)/Cr(III) and the evolution
of each chromium species was monitored temporally by speciation analysis. The peak
corresponding to Cr(VI) decreased in size with time, as the peak at the void time increased proportionately. This observation prompted the idea to study the reduction kinetics of Cr(VI) in natural water assisted with online speciation analysis.

As described in the introduction of Chapter 3, the major oxidation states of chromium,
Cr(VI) and Cr(III) possess very different physical, chemical properties and toxicological
properties. The redox system of Cr(VI) and Cr(III) has been extensively studied to assess
the fate of either Cr form in the environment, i.e., the mobility, transformation and bio-
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availability, and humic substances (humics) are generally recognized to be involved in
the reduction of Cr(VI) [1-12]. Humics are complex mixtures of biogenic aromatic molecules that are extensively substituted with carboxyl and phenolate groups, which are further classified into three sub-groups, i.e., humic acid (HA), fulvic acid (FA) and humin
[11]. Humics can bind to multiple metal ions as well as possess a reducing capability due
to the numerous oxygen-containing functions. The reduction mechanism, however, is not
fully understood. The concentration of humics in natural waters is in the range of 0.1-200
mg/L [13]. A transient species of Cr(V) was found by electron paramagnetic resonance
(EPR) by Goodgame et al [4] during a study of the interaction of humic acid and Cr(VI),
which eventually decayed to Cr(III). The amount of this Cr(V) species increased as the
pH was lowered, suggesting a higher reaction rate under more acidic conditions. The
reaction was proposed to start with the complexion of Cr(VI) to un-defined binding sites
of HA (due to the complexity of HA). The acidity affected the protonation state of binding sites and thus the interaction process. Similar results were reported for different types
of humic acids [4].

The study of the reduction of Cr(VI) has been mainly focused on the reaction kinetics.
Nakayama et al. [14] studied the chromium redox process (or circulation of chromium as
they called it) through selective co-precipitation of Cr(VI) with bismuth hydroxide to
separate Cr(VI) from Cr(III). The precipitate was collected and re-dissolved in nitric acid
prior to flameless atomic absorption analysis [14]. A revised co-precipitation technique
was adopted by Eckert et al. [2] to study the reduction of Cr(VI) at a sub-µg/L level by
fulvic acid and in natural river water. In their work, 51Cr-labelled Cr(VI) was precipitated
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by a cobalt tetramethylenedithiocarbamate carrier complex (Co-PDC), the precipitate was
collected, re-dissolved in nitric acid, and then submitted for γ analysis [2]. The colorimetric reaction of Cr(VI) with diphenylcarbazide (DPC) [15] was used by Wittbroadt and
Palmer to determine the concentration of Cr(VI) during the reduction process by fulvic
acids [10] and humic acids [11]. In their procedure, 0.5-mL aliquots of sample, intermittently taken from the reaction reservoir, were mixed with 0.1 mL of DPC and 2.0 mL of
0.1 N H2SO4. The solutions were then filtered through 0.1-µm polysulfonate filter. The
absorbance of the solutions at 540 nm was measured 10 minutes after the addition of
DPC. The evolution of Cr(III) species was addressed by Fukushima et al. [3] through the
speciation analysis of chromium after reduction of Cr(VI) by humic acid. In their studies,
the concentration of Cr(VI) in a test solution (containing 50 µM and 40 mg/L of HA) was
measured by the colorimetric method with DPC. The solution was then passed through a
cationic column (C-25) to separate Cr(III), which was retained on the column, from
Cr(VI) and Cr(III)-HA, which passed through. The total concentrations of Cr(VI) and
Cr(III) in the C-25 eluent were then determined by atomic absorption spectrometry [3].
The concentration of Cr(III)-HA was then calculated by subtracting the Cr(VI) concentration (as determined by colorimetric reaction) from the total Cr concentration in the C-25
eluent.

The above procedures generally involve offline separations, which are tedious, time consuming and prone to contaminations, in turn lowering sample frequency by taking hours
to days. The reduction of Cr(VI) has been shown to involve a nonlinear decline featuring
a rapid drop at the beginning of the reaction. However, the behaviour of the initial reac-
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tion has rarely been investigated, likely because of limitations of the available speciation
methods. This may also account for the lack of reaction kinetics study under very acidic
conditions, where the reaction proceeds faster.

In this work, the speciation method developed in Chapter 3, which combines IEC separation with online ICP-MS detection was adopted to study the reaction kinetics of Cr(VI) in
a natural water sample. This method features the advantages of small sample consumption, minimal sample manipulation, and easy data interpretation.

4.2 Experimental

4.2.1 Instrumentation and procedure

The same Cr speciation analysis conditions as described in Chapter 3 (see section 3.2 Experimental) were used for this kinetic study and will not be repeated here.

Both IEC and ICP-MS systems were optimized and stabilized. The column was cleaned
thoroughly with the procedure described in Chapter 3 (see section 3.2.1.1 IEC). Chromatograms with good repeatability as to retention time, peak width and peak height were
obtained for a standard solution containing 20 µg/L of Cr(VI) and Cr(III). The sample
loop was cleaned first with 1% nitric acid then with DDW. The chromatograms of repeated DDW injections were monitored to make sure there was no carry-over Cr species.
Then the chromatogram of the unspiked riverine water sample was acquired. The riverine water sample was spiked with Cr(VI) or with Cr(VI)/Cr(III), 20 µg/L of each species, using the stock metal standard solution(s). Acidity of the riverine water was adjusted
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with ultrapure nitric acid and ammonium hydroxide. Time counting started upon spiking
with Cr species. The time-dependent reaction was monitored over 2 hours. A separate
speciation analysis was done after four days.

4.2.2 Data analysis

Peak integration was performed with QBASIC. Peak areas from the original riverine water were subtracted from those of the spiked riverine water. An Excel spreadsheet was
used to generate 2-D chromatograms and regression lines. The 3-D chromatograms and
non-linear fitting curves were generated with OriginPro8.0®.
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4.4 Results and discussion

4.4.1 Evolution of Cr(VI) spike in SLRS-2

Chromatograms displaying the evolution of the Cr(VI), Cr(III) and Cr(III)-complex species (referred as Cr(III)-com hereafter) are shown in Figure 4.1. The original riverine water without chromium spiking was also included. As time went by, the size of the Cr(VI)
peak decreased, which was accompanied by the growth of Cr(III)-com and Cr(III) peaks.
In fact, the total Cr peak area kept relatively constant over time following the spiking.
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Figure 4.1. IEC-ICP-MS chromatograms showing the time-dependent reduction of
Cr(VI) in riverine water sample SLRS-2 (pH = 1.3; ambient temperature = 20
°C, monitored isotope m/z 52). The peaks in the elution sequence are Cr(III)com, Cr(VI) and Cr(III). The time interval of each speciation analysis is indicated next to each chromatogram.
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The change in Cr(VI) level was abrupt at the beginning, following the spiking, and
slowed down afterwards. By the fourth day, the Cr(VI) peak disappeared completely. The
growth of Cr(III)-com peak followed a similar trend, but in the opposite direction. The
growth in Cr(III) peak was much smaller than for the other species.

Figure 4.2 shows plots of peak areas versus time for each chromium species. The level of
each species changed as a function of time in a non-linear fashion, that of Cr(VI) and
Cr(III)-com changing faster than that of Cr(III). This indicates that both Cr(III)-com and
Cr(III) originated from Cr(VI), as there was no external source of these species during
this experiment.
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Figure 4.2. Plot of peak area vs. time illustrating the time-dependent evolution of chromium species in riverine water.
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As the reduction of Cr(VI) in humic acid [11], fulvic acid [10] and a natural water [2]
was reported to be pseudo first order, the reduction of Cr(VI) was assumed to be a pseudo
first order reaction in view of the fact that reducing reagents, e.g. humics, would be in
large excess relative to the spiked chromium amount. Taking into account that the equilibrium between Cr(III)-HA and Cr(III) has been shown to be a slow process [16], the
postulated overall reaction can be expressed as:

Cr(VI) +

complexing
agent

k1

Cr(III)-com

k2

Cr(III)

(4.1)

k -2

As the reduction product may actually be an intermediate that partially dissociates into
Cr(III), derivation of the rate constant was based on the concentration change of the starting analyte, Cr(VI). Suppose the concentration of Cr(VI) is c0 at the beginning of the
reaction (t = 0) and x after time t, then the rate of the change is d(c0-x)/dt. Thus, for a first
order reaction:

d (c 0 − x )
= k1 x
dt

(4.2)

Integration following separation of the variables yields:

− ln x = k1t + C

(4.3)

where C is a constant of the integration. The value of C can be obtained by taking into
account the boundary condition, i.e. when t = 0, x = c0; therefore
130

− ln c0 = C

(4.4)

Substituting Equation (4.4) into Equation (4.3) yields:

ln

x
= − k1t
c0

(4.5)

Figure 4.3 shows the plot of ln(x/c0) vs time, from which a linear regression curve with r2
of 0.995 is obtained. Therefore, the assumption of pseudo first order reduction of Cr(VI)
in SLRS-2 was justified. The rate constant k was extracted from the regression equation
to be (1.313 ± 0.015) × 10-2 min-1 or (2.189 ± 0.025) × 10-4 s-1.

0

y = -2.1888E-04x
2

-0.2

r = 0.9948

ln(x/c0)

-0.4
-0.6
-0.8
-1
-1.2
-1.4
-1.6
0

1000

2000

3000

4000

5000

6000

7000

Time, s

Figure 4.3. Plots of ln(x/co) versus time to determine reaction rate constant k in s-1 with
linear regression.
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Values of reaction rate constant in the literature are not always consistent, largely due to
the various working conditions adopted by different researchers, such as the nature and
concentration of the reducing reagent(s), the amount of Cr species spiked, the pH and the
temperature. Table 4.1 compares previous selected results from the literature with the one
determined in this work. Evidently, the latter is most similar to the results obtained with
lake water, likely because this matrix resembles that of river water.

Table 4.1. Comparison of rate constants obtained for the reduction of Cr(VI)
No. Reaction media

Concentration
of Cr(VI) spike

Temperature, ºC

pH

Reaction rate
constant, s-1

Reference

1

Fulvic acid, 8 µM

0.5 µg/L

20

2.0

3.33 × 10-5

[2]

2

Fulvic acid, 8 µM

0.5 µg/L

25

2.0

5.28 × 10-5

[2]

3

Lake water

0.5 µg/L

25

2.0

1.61 × 10-4

[2]

4

Lake water

0.5 µg/L

25

3.9

1.11 × 10-4

[2]

5

Humic acid, 40 mg/L

50 µM

25

3.2

7.53 × 10-7

[3]

6

Humic acid, 40 mg/L

50 µM

25

4.0

5.92 × 10-7

[3]

7

Riverine water

20 µg/L

20

1.3

2.19 × 10-4

This
work

In contrast to Cr(VI), the overall reaction kinetics of Cr(III)-com and Cr(III) do not follow a definite order. A semi-empirical approach was thus used in an attempt to describe
the reaction kinetics. Specifically, curves were fitted to the available data points for all
three Cr species, and reaction rate constants of Cr(III)-com and Cr(III) were estimated by
comparison to that of Cr(VI) with known values. The fitting curves and the parameters
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for the fitting equation (x = x0 + A*exp (-t/b)) are shown in Figure 4.4 and Table 4.2 respectively. For Cr(VI), x0 is close to c0, and the reciprocal of b, which is (2.37 ± 0.18) ×
10-4 agrees with the rate constant obtained by assuming a pseudo first order reaction.
The A value of Cr(III)-com is of the same order of magnitude as that of Cr(VI), so the
reaction rate constant can be estimated as the reciprocal of 1/b, which is (2.43 ± 0.03) ×
10-4. As the A value of Cr(III)-com is smaller than that of Cr(VI), the actual rate constant
should be larger. The rate constant of Cr(III) is difficult to estimate from this fitting curve
approach as its A value differs substantially from that of Cr(VI).
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Figure 4.4. The best fitting curves showing the time dependent behaviour of each Cr species during the process of Cr(VI) reduction in riverine water.
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Table 4.2. Parameters extracted from the fitting curve expressions for Cr species
Cr species

Parameters

Value

Standard error

Adjusted r2

Cr(VI)

x0

2.2E-8

1.2E-8

0.997

A

3.44E-7

1.1E-8

b

4240

320

x0

2.988E-7

9.6E-9

A

-2.905E-7

8.1E-9

b

4150

290

x0

5.37E-8

5.5E-9

A

-5.38E-8

4.7E-9

b

4790

950

Cr(III)-com

Cr(III)

0.997

0.982

4.4.2 Reduction of Cr(VI) in presence of Cr(III)

4.4.2.1 Evolution of Cr(VI) spike in presence of a similar Cr(III) concentration

In section 4.4.1, the amount of Cr(III) that was present in the riverine water was very
small compared to the 20 µg/L Cr(VI) that was added. As Cr(III) is one of the reduction
products, the effect of Cr(III) on the reduction rate of Cr(VI) was also studied. Figure 4.5
are the offset positioned chromatograms displaying the time dependent decay of 20 µg/L
Cr(VI) in riverine water in the presence of 20 µg/L Cr(III). All chromium species behaved similarly to when only Cr(VI) was spiked (see Figure 4.1). The change of Cr(III)
was less obvious than that without external Cr(III) spike because the amount of Cr(III)
was much larger than that in situ generated.
134

Signal intensity, counts/s

Cr(III)

Cr(VI)

200000
175000
150000

4 days
123 min
108 min
93 min
78 min
63 min
48 min
33 min
18min
3 min
unspiked riverine water

Cr(III)-com

125000
100000
75000
50000
25000
0
0

50

100

150

200
Time, min

250

300

350

Figure 4.5. IEC-ICP-MS chromatograms showing the time dependent reduction of Cr(VI)
in riverine water SLRS-2 (pH = 1.3; ambient temperature = 20 °C) in presence
of Cr(III, monitored isotope m/z 52). The peaks in the elution sequence are
Cr(III)-com, Cr(VI) and Cr(III). The time interval of each speciation analysis
is indicated next to each chromatogram.

With the same treatment as that for Cr(VI) reduction without Cr(III), the reduction rate
constant is calculated to be (1.254 ± 0.010)× 10-2 min-1 or (2.090 ± 0.017) × 10-4 s-1. A
Student’s t-test showed that it differed significantly at the 95% confidence level from the
rate constant obtained without Cr(III), which is not surprising as Cr(III) being on the
product side of the reaction would tend to shift the equilibrium towards the reactant side,
following Le Châtelier's principle. Nonetheless, the difference is relatively small (less
than 10%), indicating that Cr(III) does not have a significant involvement in the reduction
of Cr(VI), in agreement with observations made in the literature during a study of the
reaction of Cr(VI) with phenol compounds to simulate natural organic and humic matter
[17]. Furthermore, this observation in turn indicates that Cr(III), as a reduction product,
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results mainly, if not completely, from the dissociation of Cr-com instead of from the direct reduction of Cr(VI) in this case.
4.4.2.2 Effect of pH and temperature

To assess the effect of pH, the pH of the riverine water sample was adjusted to 2.3 with
concentrated ammonium hydroxide and spiked with 20 µg/L each of both Cr(VI) and
Cr(III) prior to time-dependent speciation analysis. Figure 4.6 compares the linear regression curves obtained under these two pH conditions.
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Figure 4.6. Plots of ln(x/c0) vs. time in second and linear regression curves under pH 1.3
and pH 2.3 as labelled.
The effect of temperature on the reduction of Cr(VI) was tested with time-dependent
speciation analysis at 20 °C, 25 °C and 30 °C, with pH constant at 1.3. The rate constants
obtained are summarised in Table 4.3.
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Apparently, both the acidity and temperature of the reaction medium exert a significant
influence on the reaction rate of Cr(VI) in riverine water. The rate of reduction of Cr(VI)
increased with a decrease in pH and with an increase in temperature. An Arrhenius plot
of the data at pH 1.3 yields an activation energy of (139.1 ± 7.0) kJ/mol (Figure 4.7). This
value is much larger than that reported for the reduction of Cr(VI) with fulvic acid, which
is 31 ± 6 kJ/mol. This is not surprising since the reduction conditions (i.e. Cr(VI) concentration, pH, temperature, etc.) and the amount and nature of reducing agents were different.

Table 4.3. Rate constants under different reaction conditions for the reduction of Cr(VI)
in riverine water SLRS-2. The initial spiking concentration of Cr(VI)/Cr(III)
is 20 µg/L (or 0.385 µM) each.
20 °C

25 °C
4 -1

2

k, ×10 s

r

pH = 1.3

2.090 ± 0.017

0.995

pH = 2.3

0.480 ± 0.005

0.997

30 °C
k, s-1

r2

5.010 ± 0.037 0.996

13.75 ± 0.20

0.994

n/a

n/a

k, s

-1
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3.36E-03
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3.44E-03
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Figure 4.7. Plot of lnk vs. 1/T (in Kelvin) and linear regression treatment to calculate the
activation energy.

4.5 Summary
In this work, the chromium speciation method using hyphenated IEC and ICP-MS was
used to characterize the reduction kinetics of Cr(VI) in riverine water SLRS-2. The reduction of Cr(VI) behaved as a pseudo first order reaction. The rate constant was extracted as the slope by linear regression treatment of the logarithm of the ratio of the instant concentration of Cr(VI) to its original concentration as the function of time. The rate
constant increased with increasing temperature and decreasing pH, in agreement with the
literature. The presence of Cr(III) in the reaction medium did not affect the reduction rate
constant of Cr(VI) significantly, indicating that the Cr(III) observed arises mainly from
the dissociation of Cr(III)-com, instead of being generated directly from Cr(VI). Overall,
no specific reaction order could be assigned for Cr(III)-com and Cr(III). Nonetheless,
this work presents a simple online procedure to study reaction kinetics (within the time
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scale of IEC), which features minimal sample manipulation as well as easy data interpretation. One drawback may be a relatively higher instrument cost compared to previously
used approaches.
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Chapter 5
General discussion

Hyphenated HPLC-ICP-MS has been established as the leading instrumental technique in
speciation analysis, in which HPLC and ICP-MS act as the sample introduction system
and the element-specific detector respectively. ICP-MS offers the advantages of multielement and isotope measurement capabilities, high sensitivity, low detection limits and
large linear dynamic range, making it practically the default detector for speciation analysis. HPLC offers great versatility in separating chemical mixtures through a careful selection of stationary and mobile phases, temperature and pH [1]. IEC is most common in
combination with ICP-MS due to the naturally ionic character of most elemental species
as well as the better compatibility of column eluents with ICP-MS detection.

The physical hyphenation of HPLC and ICP-MS is straightforward, by connecting the
outlet of the HPLC system to the liquid inlet of the ICP-MS nebulizer, without the need
for a specially designed interface as required when hyphenating GC and CE to ICP-MS.
However, there are two major factors of concern for an adequate hyphenation: (1) match
up of the eluent flow rate with the sample uptake rate of the nebulizer, and (2) selection
of an ICP-MS compatible eluent. The mobile phase flow rate of 0.2-1.5 mL/min, for typical HPLC separations, corresponds to the sample uptake rate of the conventional sample
introduction system of ICP-MS. Low flow rate HPLC requires the use of a micronebulizer with small-volume spray chamber or of some DIN to minimize the dead vol-
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ume. The mobile phase for HPLC separations often contains a relatively high concentration of dissolved salts and/or volatile organic solvents, which may be problematic for
ICP-MS detection. Indeed, the matrix may affect ICP-MS performance by introducing
spectroscopic and non-spectroscopic interferences as well as causing analyte signal drift
and loss of sensitivity from soot and salt deposition on the interface cones and ion optics.
A few approaches have been adopted to tackle these matrix effects, which fall into two
groups: (1) reducing the total amount of eluent uptake, such as by using a flow splitter or
a low flow rate HPLC, and (2) alleviating the detrimental effect of organic matter, such
as by titrating oxygen to assist the complete combustion of organic solvent or selecting
electrolytes that form volatile compounds or decompose into gaseous components in the
plasma.

5.1 Selection of mobile phases

In this work, ammonium nitrate and nitric acid were chosen as the mobile phases for IEC
separations. The distinct advantages of these compounds include (1) complete dissociation into gaseous species in the plasma, so as to avoid the problem of salt deposition on
the interface cone and/or ion optics and (2) introduction of no other elements into ICPMS than those originally present in water and air. For ammonium nitrate, a solution of
high purity can easily be prepared by mixing high purity nitric acid and ammonium hydroxide in DDW, with pH being readily adjusted with these acid and base. Also, the eluent strength of ammonium nitrate solution was found to be independent of pH, which was
an advantage during the separation of As species with a pH gradient of ammonium nitrate

143

solution according to the protonation states of the species to improve selectivity [2].

In the experiments to determine the stability constant of Co-EDTA and Zn-EDTA with
IonPac®AG-7, 0.1 M ammonium nitrate was used to separate the complexed and free
metal species. With IonPac®AG-7A, while the same mobile phase was used to elute the
complexed species, a second mobile phase involving spiking 0.1 M ammonium nitrate
with 3×10-5 M EDTA was used to facilitate the elution of the free metal species, resulting
in shortened elution time and sharper peak shape for the free metal species. For the examined concentration range, the matrix effect of EDTA on ICP-MS analyte signal was negligible [3].

In experiments on chromium speciation, a gradient program with 0.1 M ammonium nitrate (MPA) and 0.8 M nitric acid (MPB) was adopted to separate Cr(VI) and Cr(III). As
a rule, with IonPac®AG-7 as the separation column, Cr(VI) was eluted with MPA, followed by Cr(III) with MPB. The solution pH of MPA was adjusted to 4 to avoid reduction of Cr(VI) that possessed higher reduction potential in acidic conditions. After the
elution of Cr(VI), MPB of higher ionic strength was applied to elute Cr(III) that was retained stronger by the stationary phase. With this combination of mobile phases, the two
major problems with chromium speciation, precipitation of Cr(III) and reduction of
Cr(VI) to Cr(III) in presence of a reducing reagent, were circumvented.

5.2 Selection of columns

Conventionally, there are two types of ion exchange columns: anionic exchange column
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(AEC) and cationic exchange column (CEC), defined by the functional groups grafted on
the surface of the polymer base material. Each type of column is further divided into
strong and weak ion-exchange columns. In addition to this general classification, there
are ion exchange columns that possess dual exchange capability, such as IonPac®AG-7
and CG-5A that were used for speciation analysis in this work (see section 2.2.1.1 IEC
for details). The dual ion exchange capability is a useful feature when separating chemical species with different charge states, e.g. Cr(III) and Cr(VI). The usual practice is to
use complexing agent to switch over the charge state of one of the species so as to retain
both species onto the stationary phase [4-6]. However, with an addition of complexing
agent, this procedure maybe problematic for analysis at trace levels where contamination
control is usually the key to a reliable analysis.

Another procedure is to use tandem mini-columns or disks that were made of different
resins with opposite ion exchange capability to selectively collect Cr(III) and Cr(VI), followed by their sequential elution [7, 8]. In chemical analysis, ‘less is more’, i.e., the less
manipulation, the more benefits. In fact, some ion-exchange columns with dual exchange
capability are commercially available and were successfully used for speciation studies
[9-11]. IonPac®AG-7 is designed as the guard column to be placed before the analytical
column. It has, however, the same packing material as the analytical counterpart and sufficient resolving power to perform the separations as reported in this thesis. As the resolving power of a column is inversely proportional to the square of the column diameter
[1], microbore column may be considered in future work, which may bring additional
benefit of lower mobile phase consumption.
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5.3 Alleviating spectroscopic interferences

Although ICP-MS is the most preferred detector for elemental speciation analysis, it suffers from spectroscopic interferences, which can arise from either isobaric or polyatomic
ions. Cr is a good example: there is isobaric interference from 54Fe+ on 54Cr+, polyatomic
interferences from
37

Cl16O+ on

mostly,

52

53

40

Ar12C+,

36

Ar16O+ and

35

Cl16O1H+ on

52

Cr+, and from

40

Ar13C+ and

Cr+. There are a few approaches to reduce/eliminate the interference on,

Cr+, the most abundant isotope, which include applying mathematical correc-

tions [12], using a high resolution mass spectrometer [13] or using a collision/reaction
cell [5] [6, 14, 15]. The ICP-MS instrument used for chromium speciation in this study is
equipped with a unique feature (CRI) to combat polyatomic interferences, which is mechanically incorporated with the sampling interface. Contrary to the common utilization
on collision/reaction cell, there are far fewer reports on CRI [4, 16]. It is necessary to
optimize its flow rate so that the influence from the interferents is minimized without losing too much sensitivity for the analyte [17]. H2 and He are the two commonly used CRI
gases, and our results have clearly demonstrated that H2 can be used to eliminate the polyatomic interferences more efficiently.
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Chapter 6
Summary and Conclusions

The applications of elemental speciation technique with hyphenated HPLC-ICP-MS to 1)
the determination of the stability constant of an equilibrium process; 2) the speciation
analysis of chromium species with different oxidation states; and 3) the investigation on
the kinetics of reduction of Cr(VI) in natural water were described in this thesis.

Hyphenated IEC and ICP-MS is a useful method for the determination of stability constants of metal complexes at very low concentrations (µM level) with appropriate mathematical treatments, which has been exemplified with model metal complex of CoEDTA and Zn-EDTA separately. The over simplification of the formation constant expression (H-1) caused the deviation of the chelation number in the previous approach.
The primary assumption made when using ion exchange chromatography to separate
metal complexes is that there is no shift in equilibrium during the elution process [1-4].
It is preferable that the free metal ions bind to the ion exchanger while the complexes
elute freely from the column. As the data fit the equations that were deduced without
considering the influence of the ion exchanger, the primary assumption appears to be justified. Both IonPac®AG-7 and CG-5A are suitable columns for this purpose. With AG-7,
isocratic elution was sufficient to separate both the metal complex and free metal species
of Co and Zn within 5 minutes. With CG-5A, a gradient elution using a complexing
agent to elute the free metal species was adopted. The gradient elution procedure resulted
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in narrower peak shape and was applicable to metal species that was difficult to elute by
isocratic elution. The multielemental detection capability of ICP-MS provides the possibility of extending the method thus developed to a multielemental complexation system.
However, because fundamental calculations showed that the ratio of metal complex to
free metal is proportional to the formation constant, Kf, it is, in practice, very difficult to
perform such measurement for metals that have relatively large differences in Kf values.
In view of such limitation, this was not pursued further.

The hyphenated IEC and ICP-MS approach was also used to carry out chromium speciation analysis at trace and ultra trace levels in potable water. A guard column, IonPac®AG-7, with dual ion exchange capability was used to separate the oppositely
charged chromium species. The separation was achieved with a gradient elution program
using 0.1 M ammonium nitrate (MPA) and 0.8 M nitric acid (MPB) as mobile phases. A
full separation was achieved within 7.5 min, including 3-min stabilization, which was
shorter than comparable separation procedures [5-8]. The redox pair was separated directly, without adding complexing or charge switching agent, which is important for contamination control in trace analysis. Using a micro-bore column would likely further reduce the analysis time.

The CRI is an efficient way to eliminate polyatomic interferences that conventionally
plague chromium determination by ICP-MS. The attenuation of interference signals from
carbon- and chlorine-based matrices was evaluated and H2 proved to be most effective at
eliminating these polyatomic interferences. Residual Cr in the mobile phase is detrimental to speciation analysis at trace level, as a substantial amount of mobile phase will pass
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through the column during a separation. It is a common phenomenon with liquid chromatography, yet generally ignored in literature. The effect of residual Cr was evaluated and
a background correction procedure was adopted.

The accuracy of this speciation method was verified by speciation analysis of riverine
water SLRS-2 with certified total chromium concentration. However, in the chromatogram, there was no peak at the retention time corresponding to Cr(VI); instead, a peak
appeared at void time, which was speculated to arise from a complexed form of Cr. Both
external calibration and standard addition were used for quantification. With external calibration, the calibration curve for Cr(VI) was used to calculate Cr-com. With standard
addition, the measured total Cr concentration agreed with the certified value at a 95%
confidence level, while, due to matrix effects, a significant difference was observed at the
same confidence level by external calibration. Although the standard addition procedure
proved to be more accurate, external calibration could still be useful for risk assessment,
when screening a large number of samples. The speciation analysis method was also applied to municipal tap water. In this case, the data obtained by external calibration and
standard addition agreed at 99% confidence level. With either quantitation method, the
concentration of Cr(VI) was greater than that of Cr(III), both of which were, however,
below the regulation limit. Future work will focus on applying this method to chromium
speciation analysis of more complex sample matrices.

The reduction kinetics of Cr(VI) was studied in riverine water SLRS-2 with the online
speciation procedure described above. The riverine water was spiked with Cr(VI) in the
presence or absence of Cr(III). In both cases, the reduction of Cr(VI) followed a pseudo
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first order reaction. The concentration of reducing reagent in the sample, arguably humics, is in much excess compared to the spiked Cr(VI), so that a concentration change of
humics with time would not exert a significant influence on the reaction rate. By plotting
the logarithm of the ratio of instant concentration of Cr(VI) over the original spiked concentration versus time, the reduction rate constant was obtained as the slope of the linear
regression curve. The presence of Cr(III) did not affect on the reaction rate significantly,
indicating that Cr(III) was not significantly involved in the reduction of Cr(VI). This observation in turn indicates that Cr(III), as a reduction product, mainly resulted from the
dissociation of Cr(III)-com instead of Cr(VI). This supports the mechanism that Cr(VI)
reduction starts following complexation of Cr(VI) with reducible organic substances.
Both pH and temperature affected the reaction rate, i.e. the reaction rate increased as pH
decreased and temperature increased. The activation energy of the reduction of Cr(VI) in
the tested media was calculated using an Arrhenius plot of the rate constant data versus
temperature.

The speciation method proved useful for this type of kinetic studies. It has the advantages
of small sample consumption, minimal sample manipulation, ease of execution, real-time
process monitoring and simple data interpretation. Further work may involve a more thorough investigation of the effect of pH and temperature. Controlled studies with measured amounts of known reducible organic substances should also be tried to further assess
the analytical performance of this method. Finally, the applicability of this method could
also be tested on different natural water samples, including those that have been exposed
to known chromium-containing contaminants.
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Overall, this work demonstrated the versatility and power of HPLC, in particular IEC, in
combination with ICP-MS, for trace metal speciation analysis and investigation of the
thermodynamics and kinetics of equilibration processes.
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