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ABSTRACT 

This project has set out to design and optimise a robust and efficient interface 
for capillary electrophoresis-inductively coupled plasma mass spectrometry 
(CE-ICP-MS) and to investigate the application of the technique in elemental 
speciation studies. 

An interface was constructed using a commercial microconcentric nebuliser 
(MCN) and a cyclonic spray chamber. The cyclonic spray chamber was 
designed specifically to provide rapid sample response and washout and to 
minimise sample dispersion. Isoforms of the heavy metal binding protein, 
metallothionein, were separated and the bound metals detected to characterise 
the interface. Suction from the self-aspirating nebuliser was identified as the 
principal factor controlling electrophoretic resolution. To maintain resolution, 
two methods for counterbalancing the nebuliser suction were investigated. In 
the first method an optimised make-up flow was employed, and in the second a 
negative pressure was applied to the buffer vial during the separation. The 
negative pressure method was preferred because it did not significantly 
compromise sensitivity. The MCN was found to be prone to regular blocking 
which compromised the analytical precision of the system. 

A second interface was constructed using a glass MicroMist nebuliser. The 
Micro Mist nebuliser was found to be less prone to blocking than the MCN and 
significantly improved the precision of the system to less than 4.3 % RSD. The 
MicroMist nebuliser did, however, provide a lower sensitivity. The advantage 
of employing an electroosmotic flow marker to correct for migration time drifts 
was demonstrated. 

A CE-ICP-MS method was developed for the speciation of selenium in 
selenium enriched yeasts and nutritional supplements. Selenoamino acids and 
inorganic selenium species were separated, as anions, under strong 
electroosmotic flow conditions. Methods to enhance the selenium sensitivity 
were investigated. A proteolytic enzyme extraction method was employed and 
the effect of the mass of enzyme and extraction temperature on the extraction 
efficiency was investigated. The chemical form of selenium present in the 
samples varied; inorganic selenate was identified as the chemical form of 
selenium in two of the samples, and for one sample selenomethionine was the 
predominant form of selenium. For one selenium enriched yeast sample, a 
matrix effect hindered the speciation. 

Selenium speciation in the selenium enriched yeasts and nutritional 
supplements was also undertaken using anion exchange HPLC-ICP-MS to 
allow a comparison of the two speciation techniques. 
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CHAPTER ONE 

Research Background and Rationale 

1.0 INTRODUCTION 

The role of trace metals in environmental and biological systems has been the 

focus of much research over the past few decades. This research has led to the 

realisation that information on a metal, based uniquely on its total 

concentration, does not provide a valid representation of its chemical, 

biological and toxicological activity. The potentially harmful effects of the 

speciation (i.e. chemical form) of trace metals in toxicology were recognised 

after the death of 50 residents of a fishing village in Japan who suffered from 

the biomethylation of mercury in their food. 1 The spillage oftetraalkyllead in 

the Mediterranean highlighted the dangers of organic forms of!ead2 and 

extinction of the oyster population in the Arcachon Bay in France stimulated 

interest in the possible release ofbutyltins from antifouling paints.3 

Elemental speciation can be termed as the identification and quantification of 

the different oxidation states and/or chemical forms of a given element. 

Significant progress has been made in elemental speciation by the direct 

coupling of chromatographic separation techniques to powerful elemental 

detectors such as inductively coupled plasma mass spectrometry (ICP-MS). 

The use of chromatography hyphenated with ICP-MS has been 

comprehensively reviewed by several authors.4
'
8 Speciation analysis in a 

variety of matrices has been undertaken using ICP-MS hyphenated with gas 

chromatography (GC),9
'
12 supercritical fluid chromatography (SFCY3

•
14 and 

l 



Chapter One Research Background and Rationale 

the various modes of high performance liquid chromatography (HPLC).15
'
20 

The coupling ofHPLC to ICP-MS is relatively simple and can be accomplished 

with a piece of tubing connecting the analytical column to the nebuliser. The 

hyphenated technique offers all the advantages ofiCP-MS i.e. low limits of 

detection, wide linear dynamic range and ability to perform isotopic analyses, 

but does, however, suffer from a number of limitations: 

+ It is often necessary to compromise the chromatographic conditions for 

effective compatibility between the mobile phase and ICP-MS. Mobile 

phases with a high salt content can block the nebuliser, and erode the 

sampler and skimmer cones thereby influencing the ion beam and 

sensitivity. Mobile phases containing high levels of organic solvent can 

cause plasma instability, increased reflected power values and may deposit 

carbon on the sampler cone. 

+ Identification of species is by retention behaviour alone and is thus 

dependent upon a przori information and the availability of standards. 

+ Depending upon the mode ofHPLC, it may only be possible to determine 

one chemical form i e. anionic, cationic, polar, non-polar. 

+ LC separations can be slow and poorly resolved. 

+ Interactions between analytes and the stationary phase may destroy or shift 

the equilibrium, resulting in inaccurate speciation information. This may be 

particularly problematic for labile complexes where the free and associated 

forms have different affinities for the stationary phase. 

2 
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Chapter One Research Background and Rationale 

The limitations ofHPLC-ICP-MS and the ever increasing demand for accurate 

speciation information has led to the investigation of capillary electrophoresis­

reP-MS as a potential elemental speciation technique. Capillary 

electrophoresis (CE) is a separation technique often used as a complimentary 

technique to LC, but offering a number of advantages in terms of: high 

efficiency and resolution; speed; small sample volumes (nl); minimal reagent 

consumption; use of aqueous buffers; and the ability to separate anions, cations 

and neutral species in one electrophoretic run. In addition, CE may also hold 

unique promise in terms of speciation by exerting minimal disturbance on the 

existing equilibrium between analytes thus reducing the possibility of 

speciation changes during the separation process. The principal drawback of 

CE is its low sensitivity consequent upon the small sample sizes employed. 

This is further exacerbated when coupled to flow through detectors by the 

dilution incurred in transporting the analyte to the detector. 

1.1 CAPILLARY ELECTROPHORESIS-ICP-MS 

Olesik and eo-workers" published the first research on CE-ICP-MS in 1995. It 

was evident from this first publication that the fundamental challenge and key 

to the analytical success ofCE-ICP-MS was in the design of the interface. For 

effective compatibility with CE, the interface must have a low dead volume, be 

able to facilitate low flow rates, provide a high analyte transport efficiency and 

provision must be made for grounding of the capillary. 

3 



Chapter One Research Background and Rationale 

Olesik et al.21 developed an interface comprising of a concentric glass nebuliser 

(Meinhard) and a purpose built conical spray chamber. The end of the capillary 

was inserted inside the nebuliser central tube and grounding was achieved by 

conducting silver paint applied to the end 5 cm of the capillary. The silver 

paint proved not to be ideal due to sample contamination. A natural aspiration 

rate of 2 m! min"1 was measured in the interface due to the suction generated by 

the nebuliser. This was the cause of significant band broadening due to 

induced laminar flow within the capillary. 

Tomlinson et al?2 used an interface similar to that described by Olesik et al.21 

Their initial investigations involved applying pressure to the capillary after the 

electrophoretic separation was accomplished. This approach, however, was not 

successful because the laminar flow induced by the pressure resulted in a loss 

of resolution. The group later adapted a glass frit nebuliser to provide 

electrophoretic separation all the way to the nebuliser. Grounding of the 

capillary was achieved by the use of a buffer solution which flowed around the 

capillary forming a coaxial sheath. It was found that the flow rate of the buffer 

solution had significant effect on the behaviour of the nebuliser; slow flow rates 

' 
caused pulsing and a high background, whilst higher flow rates diluted the 

sample. The interface was successfully used to separate lead compounds, 

however the glass frit nebuliser was not ideal as an interface because of regular 

clogging and its complex design. 

4 



Chapter One Research Background and Rationale 

Liu et a/.23 used a direct injection nebuliser (DIN) in a CE-ICP-MS interface 

where the separation capillary was placed concentrically inside the sample 

introduction capillary of the DIN. The sample was directly nebulised into the 

torch thus providing 100 % analyte transport efficiency and accommodating 

low sample flow rates (10- 100 J.tl min-I). Grounding of the capillary was 

achieved by the use of a coaxial sheath of make-up solution. The make-up 

solution and EOF were combined inside a 1 mm long section of the DIN 

sample introduction capillary before nebulisation. Nebuliser suction was not 

observed, band broadening was minimal and excellent peak shapes were 

observed. A DIN, designed to operate at solution flow rates of 1 - 15 J.tl min-I, 

has also been used in a CE-ICP-MS interface designed by Tangen et a/.24 

Lu et al. 25 developed a concentric glass nebuliser/conical spray chamber 

interface, similar to that used by the Olesik group. The separation capillary was 

inserted into the central glass tube of the nebuliser approximately 2 cm from 

the tip. A second fused silica capillary was inserted coaxially into the nebuliser 

around the separation capillary so that it reached only as far as the nebuliser gas 

tube joint. A coaxial sheath of make-up solution provided the electrical 

continuity. A unique feature of the interface was the variable position of the 

separation capillary inside the nebuliser. The position of the capillary had a 

significant influence on signal intensity, resolution and migration time. Signal 

intensity increased, migration times shortened and resolution was compromised 

as the capillary was inserted further into the nebuliser. The loss in resolution 

was due to an increase in the nebuliser suction. It was suggested that the 

5 
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Chapter One Research Background and Rationale 

suction could be counterbalanced by applying a negative pressure to the buffer 

vial during the separation. The interface was used to separate the metal binding 

proteins, metallothionein and ferritin. Detection limits were in the sub pg 

range. 

A CE-ICP-MS interface incorporating an ultrasonic nebuliser (USN) was 

designed by Lu and Barnes.l6 The sample uptake tube of the commercial USN 

was modified to accommodate the separation capillary assembly. The capillary 

ground path was provided using a coaxial sheath flow. As described in the 

previous interface designed by Lu et al. 25 the position of the separation 

capillary was variable inside the nebuliser. However, contrary to the previous 

interface, the capillary position did not have a significant effect on the 

electrophoretic separation. Further, suction on the capillary as a result of the 

nebuliser gas flow observed with the pneumatic nebuliser interface was not 

present. The interface was characterised by the separation of metallothioneins 

and overall the USN was found to offer improved resolution and sensitivity 

compared to the concentric nebuliser interface.25 

Michalke and Schramel27 used an interface based on a modified Meinhard 

nebuliser where the exact positioning of the separation capillary within the 

nebuliser was crucial. A coaxial sheath flow provided the electrical contact and 

no detectable suction was identified. The interface was used to separate 

selenium and platinum species. 

6 



Chapter One Research Background and Rationale 

Two different interfaces (one based on a modified concentric nebuliser and low 

volume cyclone spray chamber, another based on a standard cross-flow 

nebuliser and Scott-type spray chamber) were described by Majidi and Miller­

Ihli. 28 A coaxial sheath buffer flow was employed for grounding the capillary 

and also to satisfY the liquid flow requirements of the nebulisers. To minimise 

nebuliser suction and maintain electrophoretic resolution, the pressure 

differential at the inlet of the cross-flow nebuliser was measured using a water 

filled manometer. It was found that the nebuliser suction could be controlled 

by varying the nebuliser gas flow rate. At < 0. 7 I min'1 a positive pressure at 

the inlet of the nebuliser was generated, at 0. 7 I min'1 no pressure differential 

was observed and at> 0.71 min'1 a negative pressure due to the nebuliser 

suction was measured. However, since the nebulisation efficiency is directly 

related to the nebuliser gas flow rate, a compromise exists between sensitivity 

and resolution. Isoforms of metallothionein were separated using the system 

and detection limits for Cd in rabbit metallothionein were 2.36 and 0 21 flg mJ·1 

for the concentric and cross-flow nebulisers, respectively. 

V an Holderbeke et al. 29 evaluated two different microconcentric nebulisers, a 

MCN-1 00 and Micro Mist, for use in a CE-ICP-MS interface. The design of the 

interface was very similar to previous designs25
•
30 with a sheath flow providing 

the ground path. Nebuliser suction was minimised by increasing the sheath 

flow rate which gave rise to a back pressure in the liquid carrying central tube 

of the nebuliser. It was noted that for different nebuliser types and even for 

different nebulisers of the same type, a different suction flow was observed. 

7 



Chapter One Research Background and Rationale 

Thus, it was necessary to optimise the sheath flow rate for each individual 

nebuliser. A comparison of the two microconcentric nebulisers found that the 

MCN was more vulnerable to blocking by crystallisation of the buffer salt, was 

less sensitive to matrix effects and had a slightly lower transport efficiency than 

the MicroMist nebuliser. The interface was used to separate arsenic species in 

standards solutions, mineral water, soilleachate and urine. 

1.2 PRESENT STUDY 

The objectives of the present study were: 

+ To design a CE-ICP-MS interface that conserves the inherent resolution of 

CE whilst maximising the sensitivity. In addition, the interface must be both 

analytically and mechanically robust, and simple enough to allow quick 

installation without modification of the standard ICP torch. 

+ To design and optimise a rapid washout, low dead volume spray chamber 

suitable for use with the low solution flow rates employed in CE. 

+ To fully characterise and optimise the interface with respect to both CE and 

ICP-MS operating conditions. 

+ To investigate the application of CE-ICP-MS to elemental speciation 

studies, with particular reference to the speciation of nutritionally important 

elements. 

8 
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CHAPTER TWO 

Capillary Electrophoresis 

2.0 INTRODUCTION 

Electrophoresis is defined as the migration of charged particles through a 

solution under the influence of an electric field. 1 Electrophoresis as a 

separation technique was introduced by Tiselius in 1930.2 By placing protein 

mixtures between buffer solutions in a tube and applying an electric field, he 

found that sample components migrated in a direction and at a rate determined 

by their charge and mobility. Tiselius noted that the major problem with free 

solution electrophoresis was that of Joule heating and, for this reason, 

electrophoresis has been traditionally performed in anti-convective media such 

as polyacrylamide or agarose gels. 

The first demonstration of electrophoretic separation in an open tube or 

capillary can be credited to Hjerten3 who, in 1967, demonstrated free solution 

electrophoresis in 3 mm id tubing. Later, in 1974, Virtanen4 described the 

advantages of using smaller diameter capillaries and achieved the separation of 

alkali cations by free solution electrophoresis in 200 - 500 !-liD id Pyrex tubing. 

In 1981, a pioneering paper by Jorgenson and Lukacs5 provided the first 

example of high separation efficiency CE where efficienc1es in excess of 

400000 theoretical plates were obtained using 75 1-1m id capillary. Following 

the work by Jorgenson and Lukacs, a rapid growth in the development of CE 

led to the advent of commercial CE instrumentation in 1989. 

12 



Chapter Two Captllary Electrophorests 

2.1 ELECTROPHORETIC MOBILITY 

In CE, ions are separated according to their differential velocity in an applied 

electric field. The velocity of an ion when subjected to an applied field can be 

given by Equation 2.1, 

V= 1-1-.E (Eqn. 2 1) 

where, vis the ion velocity, 1-1-. is the electrophoretic mobility and E is the 

electric field strength. The electrophoretic mobility, for a given ion and 

medium, is a constant which is characteristic of that ion. The mobility is 

determined by the electric force that the ion experiences, balanced by its 

frictional drag through the medium. The electric force (FJ experienced by an 

ion of charge q is given by Equation 2.2, 

(Eqn. 2.2) 

and the frictional force (FF) experienced by a spherical ion is given by EquatiOn 

2.3, 

(Eqn. 2.3) 

where, 11 is the solution VIscosity and r is the ionic radius. During 

electrophoresis, an ion will reach a constant steady state velocity when the 

balance of these forces is attained. At this point, the forces are equal but 

opposite thus 

qE = 61tT}rY (Eqn. 2.4) 

13 



Chapter Two Capillary Electrophoresis 

By solving for velocity and subslitutmg equatiOn 2.4 mto equatiOn 2.1, the 

mobthty of an ion ts now gtven by Equation 2.5, 

q 
!le = 61t1]r (Eqn. 2.5) 

From Equation 2.5 it is evident that the electrophoretic mobliity of an ion is 

governed by two pnncipal factors, charge and size. Because mobthty is dtrectly 

related to charge, a calculated value of the electrophore!ic mobthty can be 

determined dtrectly from the degree of dJ.ssociation of the ion. A generahsed 

acid-base equthbrium involving an acid BW and tt conJugate base B may be 

written as, 

a. 1 -a. (Eqn 2.6) 

where, a.ts the degree of dtssociation. In a buffer solution, the relative amounts 

of the acid and base are given by the Henderson - Hasselbach equation: 

which may be rewritten as 

a. 
pH = pK. +log-­

l-a. 

a. = [ 1 + lO(pKa-pH) r 

(Eqn. 2.7) 

(Eqn. 2.8) 

where, pKa ts the acid dtssoctation constant. The electrophorel!c mobthty of an 

IOn can therefore be calculated usmg EquatiOn 2.9, 
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lle = UJ.ls + (1- <X)Ilsw = (1- a)ll8w (Eqn. 2.9) 

where, llsH+ and J.l8are the mobilities of the acid and base, respectively. 

2.2 ELECTROOSMOTIC FLOW 

One of the fundamental processes that drives CE is the electroosmotic flow 

(EO F). Electroosmotic flow is the bulk flow of liquid in the capillary and 

originates from the electrophoretic movement of the hydrated part of the 

electric double layer at the capillary wall. 6 The fused silica capillaries typically 

used in CE have ionisable silanol groups at the capillary surface. At pH > 2 the 

silanol groups are deprotonated and buffer cations closest to the capillary wall 

are attracted as counterions and form an immobile layer(- 3- 500 nm wide) 

known as the Stem layer. Beyond this is a diffuse mobile layer of cations 

which, upon the application of a voltage, migrate in the direction of the 

cathode. Since the cations are solvated by water molecules the result is an 

overall bulk flow of solution towards the cathode. The potential across the 

layers is known as the zeta potential3 and is given by the Helmholtz equation 

(Equation 2.1 0), 

1; = 41tTJileo 
& 

(Eqn. 2.10) 

where, 1; is the zeta potential, lleo is the electroosmotic mobility, e is the 

dielectric constant. 
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The zeta potential is essentially determined by the surface charge on the 

capillary wall and since this charge is strongly pH dependent, the magnitude of 

the EOF can be controlled by the pH of the buffer. The zeta potential is also 

dependent upon the applied voltage and the ionic strength of the buffer. 

Increased ionic strength results in double layer compression, decreased zeta 

potential and reduced EOF. An increase in the applied voltage causes the zeta 

potential to increase thus increasing the EOF. The magnitude of the EOF can 

be expressed by Equation 2.11, 

(Eqn. 2.11) 

EOF allows the separation of anions, cations and neutral species in one 

electrophoretic run since it causes migration of nearly all species, regardless of 

charge, in one direction. Under normal conditions (that is, where the capillary 

surface is negatively charged) anions will be flushed towards the cathode since 

the EOF mobility can be sufficiently high to overcome the electrophoretic 

mobility of anions towards the anode. This process is depicted in Fig. 2.1. 

A unique feature of electroosmotic flow, that permits the high efficiency of CE, 

is its plug-like or flat velocity flow profile. The driving force of the EOF is 

uniformly distributed along the entire length of the capillary and, as a result, 

there is no pressure drop within the capillary. The flow velocity is therefore 

uniform across the capillary except very close to the walls where the flow rate 

approaches zero (Fig 2 2). This flat flow profile is beneficial because it does 

not directly contribute to the dispersion of solute zones. This is in contrast to 
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pressure-driven systems such as in liquid chromatography where the frictional 

forces at the liquid-solid interfaces result in substantial pressure drop and 

laminar flow. 

EOF 

----
Laminar flow 

Figure 2.2. Velocity flow profiles of EOF and laminar flow. 

2.3 EFFICIENCY AND RESOLUTION 

The absence oflaminar flow in CE eliminates dispersion due to radial 

diffusion. Similarly, the use of open-tubular capillaries of small id minimises 

resistance to mass transfer related dispersion. Thus, the major contributor to 

dispersion and band broadening in CE is longitudinal or molecular diffusion. 

The width of a peak, described as the variance ( cr2
) is therefore related to 

molecular diffus10n7
•
8 according to Equation 2.12, 

(Eqn. 2.12) 
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where, D is the diffusion coefficient, t is the migration time, L is the capillary 

length and V is the applied voltage. The peak efficiency, expressed in number 

of theoretical plates (N) is given by, 

p..V =--
20 

(Eqn. 2.13) 

From Equation 2.13, it can be seen that the efficiency is dependent upon 

voltage but is independent of capillary length. In addition, efficiency will be 

greatest for large molecules such as proteins which have low diffusion 

coefficients. The number of theoretical plates can also be determined directly 

from an electropherogram using Equation 2.1 4, 

N = 5.54(-t-) 2 

W112 
(Eqn. 2.14) 

where, w112 is the peak width at half peak height. 

The ultimate goal in CE is resolution of sample components. Resolution of two 

zones is defined as5
•
9 

(Eqn. 2.15) 

where, J.lep is the mean electrophoretic mobility of the two solutes ofmobilities 

J.l,,, and J.lep2• According to Equation 2.15, increasing the voltage is not an 

effective method for improving resolution because of the square root 
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relationship. To double the resolution, the voltage must be quadrupled which 

may lead to excessive Joule heating. 

Separation in CE is primarily driven by efficiency, not selectivity. This is in 

contrast to liquid chromatography where the opposite is true. Due to the very 

sharp solute zones, small differences in solute mobility ( < 0.05% in some 

cases) are often sufficient for complete resolution.10 The resolution can also be 

expressed with respect to efficiency, 

(Eqn. 2.16) 

2.3.1 Factors Affecting Efficiency 

Whilst longitudinal diffusion is the principal source of dispersion in CE, a 

number of other factors can also contribute to dispersion. A summary of the 

sources of band broadening and dispersion in CE is presented in Table 2.1. It is 

fortunate that these factors are usually controllable by careful selection of 

electrophoretic conditions. 

Joule Heating 

The heat generated by the passage of electrical current through an electrolyte 

solution is known as Joule heat. Excessive Joule heating is detrimental in CE 

since it leads to intracapillary temperature gradients, local changes in viscosity 

and ultimately compromised efficiency. For the types of capillary used in CE, 

heat must be dissipated at the interfaces between buffer and the fused silica 
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Source Comment 

Longitudinal dtffusion • Defmes fundamental hmit of efficiency 

Joule heating 

InJection plug length 

Solute-wall 

interactions 

Electromigration 

Unlevel buffer vials 

• Solutes with lower diffusion coefficients 

form narrower zones 

• Leads to temperature gradients and laminar 

flow 

• Injection plug length should be less than the 

dispersion caused by diffusion, 

approximately 1 to 2 % of the total capillary 

length 

• Interaction of solute with capillary walls 

often leads to peak tailing 

• Solutes with higher conductivities than the 

run buffer result in fronted peaks 

• Solutes with lower conductivities than the 

run buffer result in taihng peaks 

• Generates laminar flow 

Table 2.1. Sources of band broadening in CE. 

wall, between the fused silica and the polyimide coating and between the 

polyimide coating and the surroundings. The centre of the capillary will be 

hotter than the periphery and, since the viscosity of most fluids is inversely 

proportional to the temperature, the viscosity of the buffer at the centre of the 

capillary will be lower than that near the walls. Thus, zone deformation occurs 

and the velocity flow profile tends to that oflaminar flow. In addition to 

intracapillary temperature gradients, Joule heating can also cause a gradual 
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temperature rise in the capillary which leads to changes in viscosity and 

ultimately imprecise migration times. 

The contribution of Joule heating to dispersion has been extensively studied by 

several authors."·'4 Losses in efficiency arising from Joule heating effects can 

be minimised by employing low field strengths, low ionic strength buffers and 

small id capillaries, typically 50 Jlm. Most commercial CE instruments also 

have forced air or liquid cooling systems to minimise heating effects.15
•
16 

Electromigration 

Electromigration dispersion arises as a result of differences in sample zone and 

run buffer conductivities. This phenomena, also known as electrophoretic 

dispersion,~' electrokinetic dispersion, 18 electrodispersive effects19 and 

concentration overload,20 leads to asymmetric peak shapes. An analyte X will 

provide a fronting peak if its mobility (f.lx) is greater than the mobility of the 

buffer eo-ion (f.lb,,), and a tailing peak if f.lx < f.lbg•·'7.2
1 When the solute zone has 

a higher mobility (that is higher conductivity) than that of the run buffer the 

front edge of the solute zone, which diffuses in the direction of migration, 

encounters a higher field strength when entering the buffer zone. This causes 

the diffusing solute to accelerate away from the solute zone and results in zone 

fronting. As the solutes at the trailing edge diffuse into the run buffer they also 

encounter a higher field but in the same direction of migration and thus 

accelerate back into the solute zone leaving the trailing edge sharp. Similar 

reasoning accounts for the peak truling observed when f.lx < f.lbgo· 
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Peak shape distortions arising as a result of electromigration can only be 

eliminated by matching the run buffer and sample conductivities. 

Solute-Wall Interactions 

Interactions between solutes and the capillary surface s1lanol groups are 

detrimental in CE. Depending on the extent of the interaction, peak tailing and 

even irreversible adsorption of the solute can occur. Peak distortion ofnon­

adsorbing species may also result as the wall pollution causes disruption of the 

electrical double layer with concomitant non-uniformity in the axial disruption 

of the zeta potential; this is particularly true in the first few centimetres of 

capillary where the bulk of the irreversible adsorption occurs. Adsorption is 

especially problematic for proteins and peptides because these species possess 

numerous cationic sites and hydrophobic moieties. The nature of protein-wall 

interactions has been investigated by Zhao et al. 22 The theoretical plate height 

(H) affected by adsorption deteriorates such that, 

(Eqn. 2.17) 

where, tad is the mean residence time of the adsorbed solute and C is the 

fractional concentration of the free solute. 

In order to reduce solute-wall interactions, a number of strategies have been 

employed. By increasing the concentration of the buffer, interactions are 

reduced due to a reduction in the effective surface charge, however this 

approach is limited by the increased current and subsequent Joule heating.23
•
24 
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Alternatively, zwittenonic salts wtth low conductlvtttes can be added to the 

buffer at relatively htgh concentrations without adverse heatmg effects.25 

Operation at extreme pH has also been successful m reducing mteract10ns. At 

low pH ( < 2-3) the silanol groups are protonated and uncharged, whtlst at high 

pH(> 9-10) both the wall and sample wtll be deprotonated and amomc thus 

interactions wtll be limtted by charge repulsion. A further method employed to 

alleviate adsorption effects is modtficattOn of the captllary wall, etther by 

permanent covalently bonded or phystcally adhered phases, or by dynamic 

deactivation usmg buffer addtttves (see Sectton 2.4.1). 

2.4 BUFFER COMPOSITION 

The nature of the buffer is of fundamental importance in an electrophoretic 

separation since it detenmnes both the magnitude and dtrectton of the EOF and 

the migratwn behavtour of solutes. The smtabthty of a buffer depends upon a 

number of factors including, the solubthty and stability of analytes, effect of pH 

and tOnic strength, influence of buffer wns on electromigrat10n, and heat 

generation. 26 

The buffer pH has a substantial effect upon the magmtude and dtrection of the 

EOF and the degree of tomsattOn of solutes. The EOF veloctty mcreases wtth 

increasmg pH, reachmg an optimum around pH 9. The utilisation of a htgh pH 

and strong EOF allows the separatton of amons, cations and neutral spectes m 

one electrophoretic run. Alterations in pH are parttcularly useful for 
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zwitterionic species such as peptides and protems. The pH determines the 

charge and therefore direction of migration of zwitterionic species. At a pH 

equal to the isoelectric point (pi) a zwitterionic solute will have no net charge; 

above the pi it will carry a negative charge and below it will be positive. 

Buffer pH can also be used to optimise separations by maximising the 

difference in charge status between ionisable analytes.ms If the pKa values of 

the analytes are known, the charge status of each analyte at different pH's can 

be calculated using the Henderson-Hasselbach equation (Equation 2.8). 

The ionic strength of the buffer influences the EOF velocity and the 

electrophoretic mobility of solutes.29 It has been shown that in general the 

observed mobility of a solute is inversely related to the buffer concentration30 

approximately given by, 

e 
(Eqn. 2.18) 

where, e is the excess charge in solution per urut area, Z is the effective charge 

of the ion and C is the molar concentration. Ions in solution are surrounded by 

a layer of counter-1ons which migrate in a direction opposite to the central ion. 

Since the counter-ions are solvated, a viscous drag is experienced by the central 

ion which retards its migration. 31 This effect, known as the electrophoresis 

effect, is increased with increasing concentration of counter-ions. 
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2.4.1 Buffer Additives 

Buffer additives are employed in CE in order to perform one or more of the 

following functions; modify the electrophoretic mobility of solutes, modify the 

direction and magnitude of the EOF, solubilise analytes, reduce or eliminate 

solute-wall interactions. A wide variety of additives are currently used, the 

most common of which are given in Table 2.2. 

Surfactants (anionic, cationic, zwitterionic and non-ionic) are among the most 

widely used buffer additives, particularly in micellar electrokinetic 

chromatography (MEKC). At concentrations below the critical micelle 

concentration (CMC) monomer ionic surfactant molceules can act as 

solubilising agents for hydrophobic solutes, as ion-pairing reagents or as wall 

modifiers The interaction of the solute with the surfactant can occur either via 

ionic interactions with the charged end of the surfactant or through hydrophobic 

interactions between the alkyl chain and hydrophobic moieties of the solute. 

Surfactants can also be used to adsorb onto the capillary wall modifying the 

EOF and also limiting solute-wall interactions. Depending upon the charge of 

the surfactant, the EOF can be increased, reduced or reversed. Surfactant 

concentrations above the CMC are employed in MEKC (see Section 2 5.1) to 

separate both neutral and charged solutes. 

The addition of organic solvents to the buffer permits the analysis of solutes 

that are not normally aqueous soluble and also reduces the magnitude of the 

EOF. The EOF reduction is more significant with increasing concentration of 
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Additive Example Function 

Surfactants Anionic SDS • EOF modification 

Cationic CTAB • Solubilise 

hydrophobic solutes 

• Above CMC used in 

MEKC 

• Ion pairing 

Zwitterionic substances MES, Tris, CHAPS • Alter selectivity of 

proteins 

Organic modifiers Methanol, acetomtrile • ModifyEOF 

• Alter selectivity 

• Solubiliser 

Metal ions Cu2• K+ Na+ Ca2+ , , , • Alter selectivity 

Linear hydrophobic Methyl cellulose, • ReduceEOF 

polymers polyacrylamide • Allow size selectivity 

• Minimise adsorption 

Complexing buffers Borate • Carbohydrate and 

phenolic compounds 

separation 

Chiral selectors Cyclodextrins, crown • Chiral separations 

ethers, bile salts • Solubilisation of 

hydrophobic solutes 

Quaternary arnines Diarnmopropane • EOF reversal 

• Ion pairing 

Table 2.2. Buffer additives in CE. 
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organic solvent and with alcohol chain length'. Alcohols have the greatest use 

in MEKC where they are employed to alter the selectivity of a separation. 

Sodium tetraborate and boric acid are commonly used buffers in CE, however 

at high concentrations they have also been used to facilitate the separation of 

carbohydrates and phenolic compounds due to borate complexation with the 

receptive hydroxyl groups.32 

Attempts to provide more size selectivity in CE have relied upon the addition 

of dilute polymer solutions to the buffer.33 These polymer solutions generally 

act by forming a solubilised, mobilised entangled network within the buffer 

which effectively acts as a molecular sieve and retards larger solutes as they 

pass through 

The separation of structural, positional and stereo isomers can be carried out by 

the inclusion of chiral selectors into CE buffers. Chiral resolution is achieved 

by stereoselective interactions between the solute and chiral selector. The most 

widely used chiral selectors are cyclodextrins. Cyclodextrins are cyclic chiral 

carbohydrates consisting of a hollow truncated cone with a central hydrophobic 

cavity. Chiral selectivity results from inclusion of a hydrophobic portion of the 

solute into the cavity and also from hydrogen bonding interactions with 

secondary chiral hydroxyl groups on the circumference of the cyclodextrin. 

The nature of the interactions between cyclodextrins and chiral solutes has been 

investigated by a number ofworkers.34
•
3
• Chiral selectivity and resolution can 
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be altered by changing the type of cyclodextrin, the cyclodextrin concentration, 

and the temperature 

2.5 SEPARATION MODES 

2.5.1 Micellar Electrokinetic Chromatography (MEKC) 

MEKC is a hybrid of electrophoresis and liquid chromatography, and was 

introduced in 1984 by Terabe and co-workers.37 MEKC greatly extents the 

capabilities of CE since it can separate both neutral and charged solutes. The 

separation is accomplished by the use of surfactants in the run buffer, the most 

common of which is sodium dodecyl sulphate (SDS). At concentrations above 

the CMC the surfactant molecules organise, to lower the free energy of the 

system, into aggregates known as micelles. Micelles are essentially spherical 

with the hydrophobic tails of the surfactant oriented towards the centre to avoid 

interaction with the hydrophilic buffer, and the charged head groups oriented 

towards the buffer. The micelles, depending upon their charge, will migrate 

either with or against the EO F. 

Neutral solutes are separated on the basis of their chromatographic partitioning 

between the micellar pseudostationary phase and buffer. Solutes migrate with a 

velocity that is dependent upon the distribution coefficient of the micellar 

solubilisation. The ratio of the total moles of solute in the micelle to those in 

the buffer is given by the capacity factor (k'), 
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(Eqn. 2.19) 

where, t, is the migration time of the solute, to is the migration time of 

unretained solute moving at the EOF rate, t.. is the micelle migration time, K is 

the partition coefficient, V, is the volume of the m1cellar phase and V m is the 

volume of the buffer. 

Selectivity in MEKC can be altered by varying the physical nature (that is, size, 

charge, geometry) of the micelle by using different surfactants. In addition, 

variations in pH, buffer concentration, temperature and the use of buffer 

additives can alter selectivity in MEKC. 

2.5.2 Capillary Isoelectric Focusing (ClEF) 

In ClEF, ampholytic species such as peptides and proteins are separated on the 

bas1s of their isoelectric points (pi values). Sample ions are mixed with carrier 

ampholytes that span the desired pH range, and the mixture is loaded onto the 

EOF suppressed cap1llary. The anodic end of the capillary is placed into an 

acidic solution and the cathodic end into a basic solution. Upon the application 

of a voltage, a pH gradient is formed and the sample ions focus concurrently at 

a pH where they become electrically neutral (at their pi). Focused sample 

zones are then mobilised towards the detector by either application of a 

pressure or by adding a salt solution to exploit the principle of 

electroneutrality.10 
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2.5.3 Capillary Isotachophoresis (CITP) 

CITP is a moving boundary electrophoretic technique where a combination of 

two buffers is used to create a state in which separated zones all move at the 

same velocity. The discrete samples zones are sandwiched between a leading 

electrolyte which has a mobility greater than any of the sample components, 

and a terminating electrolyte whose mob1hty is less than the sample 

components. A steady state velocity develops in CITP since the electric field 

varies in each zone. The field is self-adjusting to maintain constant velocity, 

with the lowest field across the zone with the highest mobility. Tlus 

phenomenon maintains very sharp boundaries between discrete zones and thus 

leads to a very high separation efficiency and resolution. 

2.5.4 Capillary Gel Electrophoresis (CGE) 

In CGE, separations are carried out in gel filled capillaries which act as a 

molecular sieve and produce size-based separations. The gel acts as an anti­

convective medium, minimising solute diffusion, and preventing solute-wall 

adsorption thus very high efficiencies can be achieved. The technique, 

however, is only applicable to charged solutes due to the suppression of the 

EOF. Large biomolecules such as DNA oligomers and proteins are the most 

amenable analytes for CGE. 

2.5.5 Capillary Electrochromatography (CEC) 

CEC was first demonstrated in 1974 by Pretorius et a/.38 as a hybnd separation 

technique combming the stationary phase ofliquid chromatography with the 
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electrically driven mobile phase of CE. In CEC, the capillary is packed with a 

HPLC type stationary phase and the separation mechanism becomes that of 

HPLC partitioning in combination with electrophoretic mobility. The 

technique offers very high efficiency and resolution as a result of the 

electroosmotic driven flow and small diameter stationary phase particles ( < 3 

11m). However, a drawback of the technique is the difficulty of obtaining 

adequate and reproducible EOF. CEC can separate both charged and neutral 

species and has been used increasingly in the pharmaceutical industry for the 

analysis of neutral products and related impurities.3941 

2.6 METAL SPECIATION APPLICATIONS 

The realisation that CE may offer unique advantages over HPLC in terms of 

speciation, by exerting minimal disturbance on the existing equilibrium 

between analytes, has led to increased application of the technique for 

speciation srud1es. CE, in combination with both UV and element specific 

detectors, has been used for the speciation of individual metals, and for the 

characterisation of metal ion interactions with biological and naturally 

occurring macromolecules. A comprehensive review of the applicatiOn of CE 

to metal speciation studies has been published by Dabek-Zlotorzynska et a/.'2 

CE has been used for the speciation of selenium in: tap water,'3 human milk,44
•
45 

bacterial suspensions 46 and serurn·45 arsenic in· urine 47.48 coal fly ash 49 tin ' ' . ' ' 

mining water,50 soilleachate48 and ground water;" mercury in: marine samples52 

and contaminated sediments;53 tin in: sea sand54 and soil;ss lead in: soilss and 
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drain water6 and platinum in: soiJl7
"
59 and serum60

• CE has also been used for 

the characterisation of metalloproteins6
I-6l and metal complexes of 

pharmaceutical mterest,64 and in metal-chelate studies.65
•
66 
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CHAPTER THREE 

Inductively Coupled Plasma Mass Spectrometry 

3.0 INTRODUCTION 

Inductively coupled plasma mass spectrometry (ICP-MS) is the most powerful 

analytical technique for the determination of trace and ultra-trace elements in a 

variety of matrices. The analytical advantages of the technique include 

extremely low limits of detection, wide linear dynamic range, high sample 

throughput, ability to perform isotope dilution analyses and the ease with which 

it can be combined with different types of sample introduction system. 

The first known fundamental and applied research into the use of an inductively 

coupled plasma as a vaporisation, atomisation and excitation source was 

conducted by Babat in 1941.1 About 20 years later, Reed2 extended Babat's 

work and described methods of maintaining argon plasmas in open vessels 

(torches). Reed operated an ICP in a quartz tube using a single flow of argon 

gas and anticipated the application of an ICP in atomic emission spectrometry 

(AES) by injecting powders into the discharge. The application of the ICP to 

analysis was pioneered in the 1960's by the Greenfield3 and Fassel4 groups. 

The initial development ofiCP-MS, in the 1970's, was brought about by the 

realisation that the analysis of trace elements in rock samples using ICP-AES 

was severely limited by spectral interferences from high matrix levels. In 1975, 
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Gray5 demonstrated the extraction of ions from a DC plasma through a pinhole 

sized sampling orifice into a pumped vacuum system leading to a quadrupole 

mass analyser. However, as a result of the poor degree of ionisation, poor 

dissociation of sample molecules and severe matrix effects in the DC plasma, 

alternative plasma sources were investigated including the microwave induced 

plasma (MIP) and the ICP. The development work on ICP-MS was undertaken 

in parallel by Gray and Date in the UK and Houk, Fassel and eo-workers in the 

USA, with the first commercial instrument reaching the market in 1984.6 

3.1 THE INDUCTIVELY COUPLED PLASMA 

An inductively coupled plasma (ICP) is formed when energy is transferred to a 

gas (most commonly argon) by means of an induction coil. The plasma is 

generated inside and at the open end of a series of concentric fused silica tubes 

known as a torch. The most commonly used torch, based on the Scott-Fassel 

design/ has an outer tube (for the coolant gas flow) encircled by 2-4 turns of a 

water or gas cooled copper induction coil. The coolant gas flow enters the 

torch tangentially and swirls upwards effectively protecting the tube walls from 

the very hot plasma and providing the plasma sustaining gas. Within the outer 

tube are two concentric tubes (for the auxiliary and nebuliser gas flows) which 

terminate approximately 25 mm from the open end of the outer tube. 

When a RF current is supplied to the induction coil, a magnetic field is 

established within the torch. Argon gas passing through the coil is seeded with 

free electrons generated by a spark from a Tesla coil, and is subsequently 
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ionised. The free electrons and argon ions absorb energy from the alternating 

magnetic field (known as inductive coupling) and are accelerated in circular 

orbits around the magnetic field lines. Collisions between the accelerating 

argon ions and electrons yield an avalanche of charged particles and, once the 

electrons reach the ionisation potential of argon, collisional ionisation occurs. 

At atmospheric pressure the mean free path of the electrons is small(- 10·3 

mm) thus the rate of collision is high and an intense self-sustaining plasma is 

formed. 

The skin-depth effect8 occurring in RF induction heating ensures that most of 

the energy is coupled to the outer or induction region of the plasma, thus 

leading to a temperature as high as 10000 K. The cool nebuliser gas flow 

punches a central charmel through the centre of the plasma and results in the 

plasma adopting a toroidal or doughnut shape. Gas in the central charmel is 

heated mainly by radiation and conduction from the surrounding plasma and 

therefore has a lower temperature of between 5000 K and 7000 K (Figure 3.1 ). 
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Figure 3.1. Temperature distribution in an /CP. 

3.1.1 Ionisation Mechanisms 

Analyte species are subjected to a relatively long residence time in the very hot, 

inert plasma and undergo complete dissociation and atomisation, and almost 

complete ionisation. The degree of ionisation of an element is dependent upon 

the ionisation conditions in the plasma, which are dominated by the major 

constituents (usually AI, H, 0, and electrons) and the ionisation constant and 

partition functions for the atom concemed.6 The degree of ionisation of an 

element in an ICP can be calculated using the Saha equation, 

M• = ..!..(27tm.kT) 3
'
2 a· e-(r'f) 

M n. h2 Q 
(Eqn. 3.1) 
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where, n. is the electron density, m. is the mass of the electron, k is the 

Boltzmann constant, T is the temperature, his Planck's constant, Q+ and Q are 

the partition functions of the ion and neutral atom respectively, and IP is the 

ionisation potential of the element. 

The mechanisms by which energy is transferred or by which ionisation occurs 

in the ICP are still not fully understood and remain the focus of research. The 

major ionisation mechanism is considered to be that of electron collision, with 

neutral or excited argon atoms. Additionally, when the excitation energy of a 

metastable state of atom A is greater than the ionisation energy of atom B 

Penning ionisation• may occur, where 

(Eqn. 3.2) 

In an argon ICP this process would be, 

Ar"' + B -7Ar+ B++ e (Eqn. 3.3) 

Metastable argon may also act as a source of ions (with a low effective 

ionisation potential) as follows, 

Ar"' + e -7 Ar+ + 2e (Eqn. 3.4) 

Water vapour in the aerosol is known to play an important part in the ionisation 

of analyte atoms by causing the heat capacity of the aerosol to increase. As a 

result of the high temperature gradient and magnetohydrodynamic (MHD) 

thrust, energetic Ar and Ar+ species migrate towards the aerosol channel. Houk 
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et a/.10 suggested that the transfer of energy at the boundary between the 

nebuliser gas and the plasma occurs by collisions such as, 

Ar++Hp~ArW+OH (Eqn. 3.5) 

The OH species are then involved in the transfer of energy to the analyte atoms. 

The presence of water vapour in the aerosol contributes significantly to the 

electron population in the central channel of the plasma. 6 In a dry plasma nAN- = 

n. = 1 x 1015 cm·3
, however if a nebulised solution is introduced additional 

electrons are contributed by the ionisation of 0 and H from the solvent. At a 

nebuliser gas flow rate of 1 m! min·1 and a transport efficiency of 1 %, the 

populations ofW and o+ are about 2 x 1014 cm·3 and 1 x 1014 cm·3
, respectively. 

Thus, the electron population increases so that n. is approximately 1.3 x I 01
' 

3.2 SAMPLE INTRODUCTION 

Sample introduction into the ICP is a critical part of the analytical process and 

is most commonly carried out by means of pneumatic nebulisation. Liquid 

samples are converted into a polydisperse aerosol by a nebuliser and are 

carried, in a gas stream, through a spray chamber and into the plasma. The 

most commonly used nebulisers are of the pneumatic concentric type, 11 with 

the Meinhard12 and cross-flow13 being the most popular. 
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Concentric nebulisers operate at solution flow rates of typically around 1 m! 

min·• and offer very low analyte transport efficiencies of typically 1 - 2 %. 

These nebulisers are compromised in terms of sensitivity when operated at low 

solution flow rates. The limited sample volumes available in, for example, the 

semi-conductor industry and clinical sciences, and the coupling ofiCP-MS 

with separation techniques has led to the development of concentric nebulisers 

which operate at low solution flow rates. These microconcentric nebulise!s 

operate at typically below I 00 J.tl min·• and, because their design is optimised at 

low flow rates, they offer improved efficiencies and detection limits compared 

with conventional concentric nebulisers. Such nebulisers include the high 

efficiency nebuliser (HEN),'4
'
16 microconcentric nebuliser (MCN)17

'
20 and the 

MicroMist nebuliser (MM)21
• 

The primary purpose of the spray chamber in ICP-MS is to remove large 

droplets(> 6 J.tm) from the polydisperse aerosol. The design of the spray 

chamber is of crucial importance since it directly influences the analyte 

transport efficiency, sample dispersion and memory effects A variety of spray 

chamber have been designed for use in ICP-MS including, Scott-type double 

pass,' vertical rotary/2
•
23 cyclonic,'8•

24
'
26 and doughnut shaped.27 The removal of 

larger droplets in spray chambers is accomplished by a variety of processes 

including, impact-loss, turbulent, gravitational and centrifugal mechanisms. 

The theory and dynamics of spray chambers are detailed in a comprehensive 

review by Sharp.28 
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As a consequence of the poor analyte transport efficiencies associated with the 

use of spray chambers, nebulisers have been designed which directly inject the 

aerosol into the plasma. Such nebulisers are the direct injection nebuliser 

(DIN)29
'
31 and the direct injection high efficiency nebuliser (DIHEN).16.32 The 

avoidance of a spray chamber means that that these nebulisers provide transport 

efficiencies close to 100 %. However, as more solvent load is introduced into 

the plasma an increase in spectroscopic interferences may be apparent. 

Although nebulisation is the most common method of sample introduction in 

ICP-MS, other methods are employed. These include electrothermal 

vaporisation, 33
'
35 hydride/vapour generation,' .. 38 laser ablation39

•
40 and slurry 

nebulisation.41
•
42 

3.3 ION EXTRACTION 

Ion are extracted into the vacuum system via a sampling interface consisting of 

a sampler and skimmer cone. The plasma tail flame impinges on the aperture 

(1.0- 1.2 mm diameter) of a water cooled sampling cone at a distance typically 

between 8 and 15 mm from the load coil. Sampling cones are typically 

machined from nickel or platinum and their design is of crucial importance. 

When the plasma tail flame interacts with the metal cone it is cooled and a 

boundary layer of gas forms between the plasma and cone. The temperature of 

the boundary layer is much lower than that of the bulk plasma and 

consequently chemical reactions such as oxide formation readily occur. The 
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diameter of the sampling aperture is < 10-2
• For argon at 7500 K, /.. = 1 6 j.lm, 

therefore an aperture of> 0.16 mm would provtde contmuum flow and allow 

sampling of the bulk plasma. 

The regton behmd the sampling cone, known as the expansion chamber, is 

evacuated to approximately 2 mbar by means of a rotary pump. With this 

pressure dtfferential across the aperture the sampled ions expand mto the lower 

pressure regton as a supersomc jet and pass through a second cone, known as 

the skimmer cone. The supersonic jet is a freely expandmg reg10n surrounded 

by shock waves known as the barrel shock and a Mach disc (Ftg. 3.2). The 

shock waves are produced by collisions between fast atoms from the jet and the 

background gas.43 To avoid losses of ions due to collisions and scattenng, the 

skimmer cone IS situated 5-10 mm behind the samplmg cone and positioned 

with its open tip upstream of the Mach disc. The posttlon of the onset of the 

Mach dtsc IS gtven by EquatiOn 3.6, 

Xm = 0.67D 0 (P0 I P1)
112 (Eqn. 3.6) 

where, Xm ts the posttion of the Mach disc from the samplmg onfice along the 

central axts, Do is the dtameter of the sampling orifice, P o is the pressure in the 

ICP and Pt is the pressure in the extraction chamber. 
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Figure 3.2. Illustration of the shock waves enclosing the supersonic jet in 

the expansion chamber. 

3.4 ION FOCUSING 

After traversing the skimmer, the extracted ions are conveyed to the mass 

analyser by an electric field established by a series of ion lenses known as the 

ion focusing system. Each lens consists of several electrodes strung together 

with a photon stop incorporated in the centre. Ions of different rn/z have 

different kinetic energies and thus take varying paths through the lens system. 

This non-ideal situation means that different ion optical conditions are required 

to transmit ions of different rn/z thus leading to an uneven sensitivity across the 

mass range. 

Space-charge effects also lead to non-ideal behaviour in the ion focusing 

system of an ICP-MS. In the plasma and in the supersonic jet, the ion current is 

balanced by an equal electron current so the beam acts as if it were neutral. 
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However, as the beam leaves the skimmer, the electnc f1eld established by the 

lenses collects ions and repels electrons. Thus, the electrons are no longer 

present to confine the 1ons in a narrow beam and the beam expands greatly due 

to space-charge effects. This expansiOn is a major source of ion loss m ICP­

MS since it is difficult to collect all the mns leaving the skimmer. In add1tion, 

if the same space-charge force acts on all the ions, lighter ions will be deflected 

the most thus leading to a generally poorer sensitivity for lighter elements. 

3.5 MASS ANALYSER 

The function of the mass analyser is to separate ions accordmg to their d1fferent 

mlz ratios. The most common mass analysers employed m ICP-MS 

instruments are of the quadrupole type. A typ1cal quadrupole mass analyser 

conststs of four straight stamless steel or molybdenum rods (12 -18 mm 

diameter, 20 mm long) suspended parallel to and eqmdistant from the axis. 

Opposite pa1rs of rods are connected together and DC and RF voltages are 

applied to each pair. The mass resolvmg power of the quadrupole denves from 

the intnnsic stability, or instability, of 1ons when subjected to a particular type 

of electnc field. 

Ions are introduced mto the quadrupole array at velocities detenruned by the1r 

energy and mass. As the ions proceed down the longitudinal z-axis, they 

undergo transverse mot10n in the x- and y-planes perpendicular to the 

longitudinal ax1s. The DC fields tend to focus pos1nve tons in the positive 

plane and defocus them in the negative plane. As the superimposed RF field 

48 



Chapter Three Inductively Coupled Plasma Mass Spectrometry 

becomes negative, ions are accelerated towards the rods with the lighter ions 

gaining the greatest velocity (Fig. 3.3). In the following positive half-cycle, the 

direction of the ions is reversed and they are accelerated away from the rods. 

Ions exhibit oscillations with increasing amplitude until they finally collide 

with the rods and are neutralised. By controlling the amplitude of the DCIRF 

voltages, the field can be established such that only ions of a given rn/z ratio are 

transmitted. 44 

The need for enhanced resolution to overcome problematic spectroscopic 

interferences has led to the use of magnetic sector mass spectrometers in ICP­

MS. 4547 In magnetic sector systems, a magnetic field causes ions to be 

deflected along curved paths and separated according to their momentum. 

Time of flight mass spectrometers (TOF-MS) have also been investigated for 

use with an ICP ion source.48 

3.6 ION DETECTION 

The most common ion detectors used in ICP-MS instruments are Charmeltron 

electron multipliers. Electron multipliers consist of an open, curved glass tube 

flared at one end to form a cone. The internal surface of the tube is coated with 

a semiconducting material, usually lead oxide. For the detection of positive 

ions the cone is biased at a high negative potential (-- 3 kV) and the collector 

electrode, beyond the output end of the tube, is held at ground. The resistance 

of the interior coating varies with position along the tube, thus when a voltage 

is applied a potential gradient is established. 
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Figure 3.3. Ion separation process in the two rod planes of a quadrupole. 

When a positive ion leaves the mass analyser it is attracted to the negative 

potential of the cone and will subsequently strike the surface. Upon impact, 

one or more secondary electrons are ejected and accelerated down the tube 

towards ground potential. These secondary electrons undergo further collisions 

with the coating and more secondary electrons are emitted. This process is 

repeated many times as the secondary electrons move down the tube towards 

the collector electrode. Eventually, the process reaches saturation resulting in a 

discrete pulse at the collector containing up to 108 electrons. In the normal 

mode of operation, pulse counting, these pulses are passed to an amplifier, 
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through a digital discriminator and are finally counted by a multi channel 

analyser. 

3.7 INTERFERENCES 

Despite the many analytical advantages ofiCP-MS, the technique does suffer 

from several problematic interferences. These interferences can be broadly 

divided into two groups, spectroscopic and non-spectroscopic. A 

comprehensive review of interferences in ICP-MS has been published by Evans 

and Giglio.'9 

3.7.1 Spectroscopic Interferences 

Spectroscopic interferences are caused by atomic or molecular ions having 

essentially the same nominal mass as the analyte of interest, thereby causing 

erroneously large signals at the m/z of interest. Such interferences originate 

from two sources; overlappmg isotopes of different elements and polyatomic 

ions formed from precursors in the plasma gas, entrained atmospheric gases, 

dissolution acids and sample matrix. 

Isobaric Overlap 

Isobaric overlap, where isotopes having essentially the same m/z are not 

resolved by the mass analyser, can exist between elements present in the 

sample matrix, in the dissolution acids, or can exist with the plasma gas and its 

impurities. Since many elements have at least one, two or three isotopes free 

from overlap these interferences, in most cases, can be avoided by correct 
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isotope selection. However, in some cases accurate measurement of one 

isotope is critical and therefore correction for isobaric overlap must be made. 

Interference correction can be used or, in a situation where the sample matrix 

itself contains the interfering species, a separation technique can be used to 

separate the analyte from the interfering matrix. Recently, dynamic reaction or 

collision cells have been developed to alleviate spectroscopic interferences 

based on promoting different chemical reactions between analyte and 

interfering ions. 50 

Polyatomic Ions 

A very large number of polyatomic ion species can cause interferences below 

80 rn/z. The extent of the polyatomic ion formation depends on many factors, 

such as extraction geometry, the nature of the acid and sample matrix, the 

plasma and nebuliser operating parameters and the specific instrument design. 

There has been considerable debate as to the origin of polyatomic ions. The 

most likely causes are collisional reactions in the boundary layer1 and survival 

through the plasma itself, particularly with respect to refractory metal oxides. 

There are a variety of approaches by which polyatomic ion interferences may 

be compensated for. Modification of the sample preparation procedures can 

greatly reduce the extent of polyatomic ion formation, in particular avoidance 

ofHCl, H2S04 and H3P04 acids. Sample introduction methods can also be 

selected to reduce such interferences. Methods that introduce a dry sample, 

such as laser ablation, 52 hydride generation53
•
54 and thermal vaporisation,55

•
56 
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lead to a reduction in polyatomic species containing 0 and H. Oxides and 

hydroxides can also be reduced by cooling the spray chamber and thereby 

condensing the water vapour.57 The use of alternative gas and mixed gas 

plasmas,S8·s9 addition of organic solvents60
•
61 and cold plasma conditions62 have 

all been successfully used to reduce polyatomic ions. Instrumental conditions 

such as the forward power and nebuliser gas flow rate can be optimised to 

reduce polyatomic ion formation, but ultimately the best approach is the use of 

high resolution mass spectrometers. 

3.7.2 Non-Spectroscopic Interferences 

Non-spectroscopic interferences are derived from the sample matrix and are 

characterised by an enhancement or reduction in analyte signal as a result of 

factors influencing the sample transport, ionisation, ion extraction or ion 

throughput in the resultant ion beam. Such interferences can be broadly 

divided into two categories: (i) physical effects resulting from high levels of 

dissolved solid; (ii) matrix induced suppression in the ion beam. 

High Levels of Dissolved Solids 

Suppression of the analyte signal can be caused by deposition of salt on the 

sampler and skimmer cones which substantially affects the sampling process. 

To reduce this type of signal suppression, the system can be primed by 

allowing the sampling cone to partially clog thereby achieving a pseudo steady­

state where the rate of deposition is equalled by the rate of dissociation.49 
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Matrix Induced Suppression 

An excess of a heavy, easily ionisable element in the sample matrix can cause 

serious analyte signal suppression. The presence of such matrix elements is 

thought to cause a change in the ion transmission which subsequently 

suppresses the analyte signal. Several theories have been proposed to accounts 

for these effects. 63
•
64 Gillson et al. 65 suggested that space charge effects in the 

ion beam play a major role. The most severe effects are caused by heavy 

matrix elements with low ionisation potentials (IP's), whilst light analyte 

elements with high lP' s are most severely affected. 

A number of approaches can be employed to overcome the effects of interfering 

matrix elements. Internal standardisation can be used to correct for matrix 

effects, providing that the analyte and internal standard are closely matched in 

both mass and ionisation potential.66 Methods such as liquid chromatography, 

solvent extraction and eo-precipitation can be used to separate the analyte from 

the interfering matrix, with the additional benefit of analyte pre-concentration. 

Matrix matching of samples and standards, and optimisation of the ion lens 

settings can also reduce suppression effects. 
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CHAPTER FOUR 

Meinhard Nebuliser CE-ICP-MS Interface 

4.0 INTRODUCTION 

In this Chapter, a preliminary evaluation of a CE-ICP-MS interface based on a 

glass concentric Meinhard nebuliser will be detailed. 

4.1 EXPERIMENTAL 

4.1.1 Reagents and Materials 

Individual stock standard solutions of Ce and Ni were obtained from Sigma 

(Poole, UK). Borate buffers were prepared by dissolving the appropriate mass 

of di-sodium tetraborate (Sigma) in ultrapure (18.2 MQ) Milli-Q water 

(Millipore, MA, USA). Buffer solutions were pH adjusted to 8.5 using Aristar 

HN03 (Sigma). Fused silica capillary (375 J.lm od, I 00 J.lm id, I 00 cm long) 

was purchased from Composite Metal Services, Worcester, UK. Capillaries 

were pre-conditioned using 0.5 M NaOH (Sigma) prior to their first use. A 

1 OmM NH4Cl solution (Sigma) spiked with I 00 ng ml"1 Ce was used as the 

make-up flow. 

4.1.2 Instrumentation 

ICP-MS. A VG PlasmaQuad (PQI) inductively coupled plasma mass 

spectrometer (VG Elemental, Winsford, UK) was used. Data acquisition and 

interpretation was performed using Time Resolved Analysis (TRA) and 
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Masslynx software (VG Elemental). A summary of the ICP-MS operating 

conditions is presented in Table 4.1. 

Rfpower 
Reflected power 
Coolant gas flow 
Auxiliary gas flow 
Nebuliser gas flow 
Sampler cone 
Skimmer cone 
Measurement mode 

1350W 
ow 
14.01 min·1 

0.81 min-1 

0.91 min-1 

Ni, 1. 0 mm orifice 
Ni, 0. 7 mm orifice 
Peak jump (dwell time 10.24 ms) 

Table 4 1. ICP-MS operatmg condrtions 

CE System. An in-house fabricated CE system, as previously described by 

Sulaiman, 1 was used. The separation potential was produced by a Brandenburg 

3807 high voltage power supply (Brandenburg, Surrey, UK) and an Iso-Tech 

90 digital mu1timeter (RS Components, Corby, UK) was used for the 

measurement of electrophoretic currents. For capillary rinsing and pre-

conditioning, a simple vacuum driven device was designed. A 100 m1 Buchner 

flask was fitted with a rubber bung into which a finger tight fitting (Omnifit, 

Cambridge, UK) was placed. One end of the capillary was inserted through the 

finger tight fitting and the other placed into the appropriate nnsmg solution. 

By connecting a vacuum pump to the Buchner flask, solution was drawn 

through the capillary. 

The CE system (excluding the high voltage power supply) was enclosed in a 

perspex box which incorporated a safety light and auto shut off mechanism. 

60 



Chapter Four Meinhard Nebuliser CE-ICP-MS Interface 

CE-ICP-MS Interface. The CE-ICP-MS interface was constructed using a 

Meinhard nebuliser (Meinhard, CA, USA), a 1/16 "PTFE T-piece (Omnifit, 

Cambridge, UK) and an U-shaped spray chamber. A schematic diagram of the 

interface is presented in Fig. 4.1. One end of the separation capillary was 

inserted through the T-piece and into a Pt-Ir tube [0.5 mm od, 0.4 mm id, 30 

mm length, (Johnson Matthey, Reading, UK)]. The capillary was positioned so 

that it reached the end of the Pt-Ir tube, thereby minimising post capillary 

transport. The injection end of the capillary was placed in a buffer vial along 

with aPt electrode. The Pt-Ir tube and capillary were then inserted directly into 

the nebuliser central tube. Silicone rubber tubing was used to ensure an air 

tight fit inside the central tube. Once inserted into the nebuliser, the capillary 

could be easily removed to allow rinsing or replacement. 

Grounding of the capillary was achieved by the use of a coaxial sheath of 

electrolyte solution (make-up solution) which was pumped through the vertical 

arm of the T -piece using a Gilson Mini puis 3 peristaltic pump (Gilson Medical 

Electronic, Villiers-Le-Bel, France). The make-up flow was an important 

feature of the interface smce it not only provided the electrical continuity but 

also satisfied the liquid flow requirements of the nebuliser. To complete the 

electrical circuit, a grounding lead from the power supply was soldered onto the 

Pt-Ir tube. The nebuliser was inserted into the spray chamber using a PTFE 

connector and the spray chamber was then connected to the ICP torch by means 

of a flexible Teflon tube. Samples were injected hydrostatically by elevating 

the sample vial to a height of 15 cm above the nebuliser level for I 0 s. 
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Figure 4.1. Schematic diagram of the Meinhard nebuliser CE-ICP-MS interface. 
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4.2 INTERFACE EVALUATION 

A preliminary evaluation of the interface was undertaken by measurement of 

the solution flow rate within the separation capillary and its dependence upon 

the make-up flow rate. Solution flow rates in the capillary were measured by 

accurately weighing the mass of water, using a Mettler AE 240 balance 

(European Instruments, Oxford, UK), transferred from a pre-weighed vial over 

a 300 s time period. Measurements were repeated in triplicate and the mean 

flow rates calculated. The laminar flow induced in the capillary as a result of 

the nebuliser suction was also measured by injection of aNi standard 

4.2.1 Effect of Make-up Flow Rate on Capillary Flow Rate 

The influence of make-up flow rate on the capillary flow rate was investigated 

by measuring solution flows through the capillary at various make-up flow 

rates between 0 and 100 J.Ll min·•. The separation voltage was zero during these 

measurements. 

The make-up flow rate had a direct influence upon the magnitude of the 

solution flow through the capillary (Figure 4.2). Since the applied voltage was 

zero during these measurements, electroosmotic induced flow was eliminated 

and the flow through the capillary was entirely laminar flow induced by the 

nebuliser suction. At zero make-up flow, a laminar flow rate of- 4 J.Ll min·• 

was observed. As the make-up flow rate was increased, the laminar flow rate 

was reduced as the nebuliser demand was partially satisfied. 
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Figure 4.2. Capillary flow rate as a junction of make-up flow rate. 

4.2.2 Determination of Laminar Flow Rate 

The laminar flow rate within the capillary was determined by injecting aNi 

standard (1 J..lg ml'1) and measuring the migration time with and without an 

applied voltage (+20 kV). A 20 mM borate buffer (pH 8.5) was used and the 

make-up flow rate was set at 50 J..ll min'1, 

The migration time of the Ni2
+ species was 181 s with an applied voltage of+ 20 

kV, and 220 s in the absence of an applied voltage. The difference in migration 

time was consistent with what was expected. In the absence of a voltage, the 

analyte was transported through the capillary solely by the nebuliser suction. 

However, upon the application of a voltage, the combined effect of the 
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electroosmotic flow, electrophoretic mobility and nebuliser suction resulted in 

a shorter migration time. 

When comparing the linear velocity of the laminar flow with the combined 

laminar, electroosmotic and electrophoretic flow, it can be determined that 

laminar flow accounted for 82% of the analyte linear velocity (Fig. 4.3). The 

parabolic velocity profile oflaminar flow causes band broadening and 

ultimately loss of resolution in CE. Thus, the 82% laminar portion of the flow 

velocity was clearly sufficient to completely degrade the resolution of a 

separation. 

It was demonstrated in Section 4.2.1 that increasing the make-up flow rate was 

an effective method of reducing the nebuliser suction and therefore reducing 

the laminar flow within the capillary. However, because the Memhard 

nebuhser is designed to operate at solution flow rates in the m! min-1 range, the 

high make-up flow rate necessary to minimise the nebuliser suction would lead 

to significant dilution of the sample. Hence, in order to maintain the inherent 

resolution of CE, sensitivity must be compromised. 
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Migration time@ 20 kV = 181 s = 3.02 min 

Migration time@ 0 kV = 220 s = 3.67 min 

L. I . f I . fl 100 cm . I mear ve oc1ty o ammar ow = 
3 6 

. = 27.24 cm mm· 
. 7mm 

Laminar flow rate= nrl = 1t(50x 10.(;)2(27.24 X 10'2) 

= 2.14 J.ll min"1 

Combined laminar, electroosmotic and electrophoretic flow= 
1 OOc~ 

3.02mm 

=33.11 cmmin'1 

Laminar flow accounts for(~~:~~) x 100 = 82.3% of the linear velocity 

Figure 4.3. Calculation of the contribution of laminar flow to the analyte 

linear velocity. 

4.3 SUMMARY 

The Meinhard nebuliser was not ideal for use in the CE-ICP-MS interface due 

to its incompatibility with the low solution flow rates employed in CE. 

Because of the high natural aspiration rate of the nebuliser, the laminar flow 

induced in the separation capillary would be significant enough to completely 

degrade resolution. The nebuliser suction and laminar flow could be 

minimised by the use of the make-up flow, however, this was at the expense of 

sensitivity. Clearly, a nebuliser designed to operate at low solution flow rates 

is a fundamental requirement for CE-ICP-MS. 
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CHAPTER FIVE 

Design and Optimisation of a Cyclonic Spray Chamber 

5.0 INTRODUCTION 

A spray chamber intended for use in CE-ICP-MS has demands placed upon it 

that do not normally exist in conventional ICP-MS measurements. For 

effective compatibility with CE, the spray chamber must produce minimal 

broadening of sample peaks and, because of the small sample volumes 

employed, should offer a high analyte transport efficiency. These demands are 

most likely met by a low volume spray chamber offering rapid sample response 

and washout characteristics. 

In this Chapter, the design and optimisation of a rapid washout cyclonic spray 

chamber will be detailed. The spray chamber was designed specifically for use 

with a microconcentric nebuliser (MCN) and was optimised with respect to 

response/washout characteristics and sample dispersion. 

5.1 EXPERIMENTAL 

A VG Plasma Quad PQ I ICP-MS instrument was used. Operating conditions, 

unless otherwise stated, were as detailed in Chapter 4. 

5.2 CYCLONIC SPRAY CHAMBER DESIGN 

The spray chamber was fabricated from glass and had a general spherical shape 

with a drain at the base and a horizontal mounting for the MCN on the side. 
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The internal volume of the spray chamber was 27 m!. A schematic diagram of 

the spray chamber is presented in Fig. 5.1. 

The spray chamber design combines gravitational, centrifugal, turbulent and 

impact loss mechanisms to remove large droplets, increase analyte transport 

efficiency and reduce washout times. Sample aerosol from the nebuliser is 

directed horizontally into the chamber and intersects the chamber wall 

tangentially. This arrangement results in the sample aerosol experiencing a 

centrifugal force which serves to remove larger droplets from the polydisperse 

aerosol. In addition, the circulating action of the aerosol promotes aerosol re­

entrainment which helps to minimise recirculation renebulisation. In 

recirculation renebulisation the aerosol strikes the walls of the spray chamber, 

liquid accumulates and is drawn back to the gas orifice where it may be re­

entrained and renebulised.1.2 This process can lead to band broadening and 

tailing and is therefore undeSirable in a spray chamber mtended for use in CE­

ICP-MS. A dimple of2.5 cm diameter was impressed into one side of the 

spray chamber and was designed to disrupt the circulating flow of aerosol, 

thereby generating turbulence and forcing larger droplets to collide with the 

dimple and with the outer wall of the chamber. The design of the dimple was 

similar to those incorporated into small vertical rotary spray chambers 

described by Wu and Hieftje3 and Wu et al 4 
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Figure 5.1. Schematic diagram oftlze cyclonic spray chamber. All units in 

cm. 
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5.2.1 Spray Chamber Evaluation 

The spray chamber was evaluated, and compared with a Scott-type double pass 

spray chamber, by measurement of sample response and washout times. The 

transient signals produced from flow injection (FI) sample introduction were 

measured in order to assess criteria important in CE, such as peak shape and 

dispersion. The effect of the position of the nebuliser withm the spray chamber 

was also investigated. 

5.2.1.1 SAMPLE RESPONSE AND WASHOUT TIMES 

The sample response time was measured by pumping a test solution (In at 25 

ng ml-1
) directly into the nebuliser using a peristaltic pump and monitoring the 

115In signal using TRA. The MCNwas operated at a solution flow rate of 100 

J.Li min"1 and a nebuliser gas flow of 0 9 I min"1
• The response time was defined 

as the time taken for the signal to equilibrate at its maximum value. Sample 

washout times were measured by replacing the test solution with a 1 % HN03 

blank and monitoring the signal decay. Washout time was defined here as the 

period required for a signal to fall to 1 %of its initial value 1 Measurements 

were repeated in triplicate and the mean values calculated. In addition, the 

MCN was operated in self-aspiration mode and the response and washout times 

of the two spray chambers were measured. 

The sample response and washout times for the cyclonic and Scott-type spray 

chambers are presented in Table 5.1. 
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Spray chamber Response time/s Washout time/s 

Cyclonic' 115 105 

Scott-type' 138 115 

Cyclonicb 9 10 

Scott-typeb 11 42 

• Peristaltic pump, 6 self-aspiration. 

Table 5.1. Comparison of the response and washout times of the cyclonic 

and Scott-type spray chambers. 

The sample response and washout times of the two spray chambers, measured 

using the peristaltic pump, were alarmingly long. The cyclonic spray chamber 

provided a more rapid sample throughput than the Scott-type chamber, with 

response and washout times 17 % and 9 % faster. However, in view of the 

relatively small internal volume of the cyclonic spray chamber, the expected 

improvement in washout time was not observed. 

A theoretical washout time can be estimated from the residence time of a 

particle in the spray chamber and from the volume of the chamber. If the 

chamber functions as an ideal mixing volume, its washout time is 

approximately three times the ratio of the volume of the chamber to the 

nebuliser gas flow rate.'·' For the Scott-type and cyclonic spray chambers, 

operated at a nebuliser gas flow rate of 0.91 min'1, theoretical washout times 

were 40 sand 5.4 s, respectively. 

By allowing the MCN to self-aspirate a significant improvement in sample 

throughput rate was observed, with measured washout times much closer to the 
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estimated theoretical values. This observation indicated the presence ofliquid 

phase dispersion in the peristaltic pump tubing. 

When a solution is delivered at a low flow rate via a peristaltic pump liquid 

phase dispersion is prevalent as a result of the solution moving according to 

laminar flow where, the velocity is highest in the centre of the tubing and falls 

asymptotically to zero at the walls. In self-aspiration, when the sample tubing 

was transferred from the test solution to the blank, air was drawn into the 

tubing. An air segment will minimise dispersion by promoting a degree of 

turbulence within the flowing solution. Since turbulent flow is typified by a 

velocity profile approaching plug flow, dispersion does not prevail. In the case 

of the peristaltic pump, air was not introduced into the tubing because the pump 

was switched off when transferring from the test to the blank solution. Thus, 

the difference in response and washout times obtained using the peristaltic 

pump and self-aspiration were a result of liquid phase dispersion in the pump 

tubing. 

In addition to liquid phase dispersion, a further factor influencing the long 

response and washout times of the cyclonic chamber was thought to be 

excessive aerosol recirculation. In an attempt to investigate possible aerosol 

recirculation and liquid phase dispersion effects, the following experiments 

were undertaken: 
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Recirculation. A glass bead (5.5 mm diameter) was placed inside the cyclonic 

spray chamber and allowed to settle over the drain. The response and washout 

times were then determined using the method described previously. 

Dispersion. In an attempt to alleviate liquid phase dispersion, a segment of air 

(approximately 6 cm long) was introduced into the pump tubing between the 

sample and blank solutions. Response and washout times were then 

determined. These measurements were then repeated with the glass bead 

settled over the drain. 

It was apparent that both aerosol recirculation and liquid phase dispersion were 

contributing to the poor response and washout times of the cyclonic spray 

chamber. The inclusion of the glass bead into the chamber had the effect of 

stalling the recirculating flow of aerosol, and reduced the response and washout 

times by 23 %and 28 %, respectively (Table 5.2). The most significant 

improvement in response and washout times (94% and 86 %, respectively) was 

achieved by the introduction of an air segment into the pump tubing. This 

clearly indicates the detrimental effect that laminar flow and liquid phase 

dispersion had on response and washout times. 
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+glass bead 

+air 

+ glass bead, air 

Response time/s 
88 

7 

6 

Washout time/s 
76 

12 

10 

Table 5.2. Influence of recirculation and dispersion on the sample response 

and was/tout times of the cyclonic spray chamber. 

5.2.1.2 FLOW INJECTION PEAK MEASUREMENTS 

Transient signals were produced by FI sample introduction into the 

MCN/cyclonic spray chamber and MCN/Scott-type spray chamber 

combinations. Discrete aliquots of the test solution were introduced into the 

nebuhser/spray chamber combination using a Rheodyne FI valve (Rheodyne, 

California, USA) fitted with a 20 J.ll PTFE sampling loop. The carrier solution 

(1 % HN03) was delivered at 100 J.ll min·• using a peristaltic pump. In order to 

minimise post valve dispersion, the FI valve was placed as close as possible to 

the nebuliser/spray chamber assembly by means of a Teflon connecting tube. 

An example of the FI peaks produced using the two MCN/spray chamber 

combinations can be seen in Fig. 5.2. To provide a measure of the peak tailing 

and peak fronting, peak asymmetry values (As) were measured using the 

following equation:' 

As=B/A (Eqn. 5.1) 
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Figure 5.2. FI peaks produced using the Scott-type spray chamber f-) and 

the cyclonic spray chamber f--). 
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where, at I 0 % of the peak height, A represents the time between the peak 

maximum and leading edge of the peak, and B represents the time between the 

peak maximum and the tailing edge of the peak. 

From the data complied in Table 5.3, it can be seen that the cyclonic spray 

chamber offered a reduction in band broadening compared with the Scott-type 

chamber. Peak widths at half peak height (wl/2) were 5 s and I 0 s for the 

cyclonic and Scott-type chambers, respectively. The increased peak width 

observed with the Scott-type chamber may be attributed to its larger dead 

volume. Peak tailing, represented by the B values, was more significant with 

the Scott-type spray chamber, and was likely to be a result of an increase in 

recirculation renebulisation. Undesirable echoes were not observed for either 

of the two spray chambers. 

Spray chamber 

Cyclonic 

Scott-type 

5 

10 

Als 

4 

7 

B/s 

12 

17 

As 

30 

2.4 

Table 5.3. FI peak parameters obtained using tlze MCN!cyclonic spray 

chamber and tlze MCN/Scott-type spray chamber. 
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5.2.1.3 OPTIMISATION OF NEBULISER POSITION WITHIN THE 

SPRAY CHAMBER 

To evaluate how the position of the nebuliser within the cyclonic spray 

chamber affected sensitivity and sample response/washout times, the MCN was 

placed as far forward as possible into the spray chamber so that distance from 

the nebuliser tip to the end of the MCN mounting was 18 mm. The Illln signal 

and the sample response and washout times were then measured. 

Measurements were repeated with the MCN pulled back into its mounting so 

that the distance from the end of the mounting to the nebuliser tip was a) 14 

mmandb)10mm. 

The position of the nebuliser within the spray chamber had a significant effect 

upon the sensitivity and therefore analyte transport efficiency of the spray 

chamber. Pulling the nebuliser 8 mm back into its mounting resulted in a 41 % 

reduction in the observed sensitivity. However, this sensitivity loss was 

accompanied by a 2 s and 4 s improvement in the response and washout times, 

respectively. 

Position of ilSin response/ Response Washout 
MCN/mm x 105 counts s"1 time/s time/s 

18 2.7 6 12 

14 1.9 4 12 

10 1.6 4 8 

Table 5.4. Influence ofnebuliser position on signal response, response time 

and washout time. 
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5.3 MODIFIED CYCLONIC SPRAY CHAMBER 

In view of the evaluation of the cyclonic spray chamber, a modified spray 

chamber was designed and constructed. A schematic diagram and photograph 

of the spray chamber are presented in Figs 5.3 and 5.4, respectively. The spray 

chamber had an internal volume of21 m! and was identical in design to the 

original with the exception of a flow spoiler which was impressed into the side 

of the chamber. The purpose of the flow spoiler was to mimic the effect of the 

glass bead and stall the circulating flow of aerosol. A mini version of the 

modified cyclonic spray chamber (internal volume 6.5 m!) and a spray chamber 

with eight flow spoilers impressed around the body were also constructed. 

5.3.1 Spray Chamber Evaluation 

The response and washout times of the 21 m! and 6.5 m! cyclonic spray 

chambers were measured, using the method described in Section 5 2.1.1. The 

test solution used in this instance included Ce at 25 ng m1"1• For comparative 

purposes, measurements were repeated using a MCN/Scott-type spray chamber 

and a cross-flow nebuliser/Scott-type chamber combination. The cross-flow 

nebuliser was operated at 0. 7 m! min·', the standard solution flow rate for 

routine analysts. 

The modified cyclonic spray chamber provided a rapid sample throughput, with 

response and washout times of 6 sand 8 s, respectively (Table 5.5). Aerosol 

recirculation was effectively minimised by the flow spoiler and a sample 
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Figure 5.4. Photograph of the cyclonic spray cltamber. 
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throughput 3.5 times faster than that provided by the Scott-type chamber was 

achieved. The internal volume of the cyclonic spray chamber had no 

significant effect on the response and washout times. With the 6.5 m! spray 

chamber significant aerosol deposition was observed on the inner walls and was 

reflected in the lower mrn response. 

Nebuliser/spray Response Washout 115ln response/ Ceo+tce+ Ce,./Ce+ 
chamber time/s time/s x 105 counts s·• (%) (%) 

Cross-flow/Scott 13 25 2.4 09 0.8 

MCN/Scott 15 28 1.6 0.7 06 

MCN/cyclonic 6 8 1.8 0.7 06 
(21.0 ml) 
MCN/cyclonic 6 8 I 3 0.6 06 
(6 5 ml) 

Table 5.5. Comparison oftlte analytical characteristics of various 

nebuliser/spray cltamber combinations. 

For the multi-flow spoiler chamber, the sample response and washout times 

were similar to those obtained with the spray chamber incorporating one flow 

spoiler. 

5.4 SUMMARY 

Rapid sample response and washout characteristics, and minimal sample 

dispersion are clearly important in a spray chamber intended for CE-ICP-MS. 

Liquid phase dispersion in the peristaltic pump tubing was identified as a 

principal factor controlling the response and washout characteristics of the 
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cyclonic spray chamber. By eliminating liquid phase dispersion, with the 

introduction of an air segment, sample response and washout times were 

significantly improved. The cyclonic spray chamber, incorporating a dimple 

and flow spoiler, provided a rapid sample throughput approximately three times 

faster than that obtained using a Scott-type double pass spray chamber. Since 

response and washout times have a direct influence upon sample dispersion and 

therefore peak shape, the cyclonic spray chamber offers s1gmficant advantages 

over the Scott-type chamber for CE-ICP-MS. 

83 



Chapter Five Design and Optimisat10n of a Cyclonic Spray Chamber 

REFERENCES 

[1]B. L. Sharp, J. Anal. At. Spectrom, 1988, 3, 939. 

[2]J. A. Koropchak, S. Sadain and B. Szostek, Spectrochzm Acta, 1996, 51B, 

1733. 

[3]M. Wu and G. M. Hieftje, Appl Spectrosc., 1992, 46, 1912. 

[4]M. Wu, Y. Madrid, J. A. Auxier and G. M. Hieftje, Anal Chim. Acta, 1994, 

286, 155. 

[5]N. Z. Christchurch, Can. J. Chem. Eng., 1985,55,466. 

[6]J. T. Landers, Handbook ofCapzllary Electrophoresis, 1997, CRC Press, 

New York. 

84 

,L_ ___________________________ _ 



CHAPTER SIX 

Microconcentric Nebuliser CE-ICP-MS Interface 

6.0 INTRODUCTION 

This Chapter describes the design and characterisation of a CE-ICP-MS 

interface based on a commercial microconcentric nebuliser (MCN) and a 

cyclonic spray chamber. As discussed in Chapter 4, a key requirement of any 

CE-ICP-MS interface is a low flow nebuliser providing high analyte transport 

efficiency and small aerosol droplet sizes. The MCN offers a transport 

efficiency of up to 30% at solution flow rates of typically below 100111 min·t, 

and was preferred to other low flow nebulisers because of its simplicity and 

mechanical robustness (fabricated from PEEK, PTFE, fused silica). 

Furthermore, the MCN is relatively inexpensive when compared with, for 

example, the direct injection nebuliser (DIN) or the ultrasonic nebuliser (USN). 

The operating characteristics of the interface i.e., separation resolution, 

precision and limits of detection, will be investigated using the heavy metal 

binding protein, metallothionein (MT). Metallothionein is a low molecular 

mass (6000-7000 Da) cysteine-rich protein involved in the metabolism of 

heavy metals (Cd, Zn and Cu).1
"
7 Polymorphism of metallothionein occurs 

during the evolution of a species and leads to two major isoforms, MTI and 

MTII, that are different in charge due to their amino acid composition. 
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6.1 EXPERIMENTAL 

6.1.1 Reagents and Materials 

Metallothioneins contammg tsoforms I and II (M7641, rabbtt ltver) and smgle 

tsoform I (M5267) were purchased from Sigma. Metallothionein samples were 

prepared by dilution of the appropnate mass of standard wtth ultrapure ( 18-2 

MQ) Mtlli-Q water. The electrophoresis buffer was 20 mM Tns (Stgma) 

adJusted to pH 7.8 wtth Aristar hydrochlonc acid (FSA Laboratory Supplies, 

Loughborough, UK). A 10 mM Nl4N03 solution was used as the make-up 

flow. All solutions were vacuum degassed and filtered (through 0.45 IJ.m) 

before use. 0.5 M NaOH was used to pre-condition the fused-silica capillary 

pnor to the first use. For the UV detection work, I % mesttyl oxtde prepared 

by 1 % (v/v) dilution in 50% methanol (Rathbum Cherrucals, Walkerbum, 

UK) was used as an electroosmotic flow marker. 

Individual stock standard solutions (atomic absorption grade) ofRb, Mn, Ba, 

Cd, Zn and In at 1000 IJ.g mr1 were obtamed from Sigma. For the total metal 

determination in MT I, solutiOns contammg Cd and Zn at 1000, 500, 250, 125 

and 25 ng mr1 were prepared by dilution of the 1000 IJ.g mr1 stock standard 

solutions in Milli-Q water. The ICP-MS instrument was tuned and optirrused 

usmg a multi-element solution contaming Be, Mg, Co, Ni, In, Ce, Pb, Bi and U 

at 25 ng mr1 per metal, prepared by dtlutton of a stock standard solution [ICP­

MS 100 solution (SPEX lndustnes, Edtson, NJ, USA)] in 1% Aristar HN03. 
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6.1.2 Instrumentation 

/CP-MS. A VG PlasmaQuad (PQ II Turbo Plus) inductively coupled plasma 

mass spectrometer (VG Elemental, Winsford, UK) was used. Data acquisition 

and interpretation was performed using Time Resolved Analysis (TRA) and 

Masslynx software. The ICP-MS operating conditions are summarised in 

Table 6.1. 

Rfpower 
Reflected power 
Coolant gas flow 
Auxiliary gas flow 
Nebuliser gas flow 
Sampler cone 
Skimmer cone 
Measurement mode 
Isotopes monitored 

1350 w 
ow 
13.51 min·• 
1.45 I min·• 
0.91 min·• 
Ni, 1. 0 mm orifice 
Ni, 0.7 mm orifice 
Peak jump (dwell time 10.24 ms) 
114Cd IIICd 66zn 64zn 

' ' ' 

Table 6.1. /CP-MS operating conditions. 

CE System. Separations were performed using a Prince Technologies Crystal 

310 CE system (Prince Technologies, Sunderland, UK). The CE system had a 

double piston arrangement that allowed both positive and negative pressures to 

be applied to the inlet vial. A 4225 variable UV NIS detector (Thermo 

Separation Products, Hemel Hempstead, UK) was used for on-capillary UV 

detection. A fused-silica capillary (total length 77 cm, 60 cm to window) was 

used and an absorbing wavelength of200 nm was monitored. Samples were 

injected hydrostatically and the capillary was rinsed with buffer for 2 mins 

between each run. Electropherograms were recorded using a Dell OptiPlex Os 
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computer and ProGC software (Thermo Unicam, Cambridge, UK). Data was 

acquired at a sampling rate of 10 Hz. 

CE-ICP-MS Interface. The interface incorporated a commercial MCN 

(CETAC Technologies, Cheshire, UK), the T-piece assembly as described in 

Chapter 4, and a small cyclonic spray chamber (as detailed in Chapter 5). A 

schematic diagram and photograph of the interface are presented in Fig. 6.1 and 

6.2, respectively. The separation capillary was passed through a hole in the 

side of the CE system and was inserted into the T-piece assembly. The Pt-Ir 

tube and capillary were connected directly into the back of the MCN using a 

standard nut and ferrule. The capillary was sheathed, up to the point of 

entering the T-piece, using Teflon tubing (0.03 in id, 0.063 in od). The purpose 

of the capillary sheath was to prevent drifts in the capillary temperature (caused 

by fluctuations in the laboratory temperature) which may affect the migration 

time reproducibilty. The Pt-Ir tube was connected to the ground electrode of 

the CE system using a grounding lead and a crocodile-type clip. The grounding 

lead could be easily removed from the Pt-Ir tube thus allowing greater 

flexibility than the solder connection employed in the previous interface. 

6.2 INTERFACE CHARACTERISATION 

6.2.1 Nebuliser Natural Aspiration Rate 

The natural aspiration rate of three MCN's was measured as a function of 

nebuliser gas flow rate. A 10 cm long piece ofTeflon tubing was connected to 

the nebuliser and the mass of water transferred from a pre-weighed vessel over 
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Figure 6.1. Schematic diagram of the MCN CE-ICP-MS interface. 
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Figure 6.2. Photograph of the MCN CE-ICP-MS interface. 
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a 3 mins period was measured. It was necessary to ensure that the nebuliser 

and water vessel were on the same level to prevent hydrodynamic resistance 

restricting the uptake of water. All measurements were repeated in triplicate 

and mean values calculated. 

The natural aspiration rate of each MCN increased with increasing nebuliser 

gas flow rate (Table 6.2). As the velocity of the nebuliser gas was increased, 

the partial vacuum generated at the back of the MCN increased and 

consequently the natural aspiration rate was enhanced. It is interesting to note 

that although the three nebulisers were of identical design their natural 

aspiration rates varied. 

Nebuhser gas MCN 1 natural MCN 2 natural MCN 3 natural 
flow rate/1 min'1 aspiration aspiration aspiration 

rate/111 min'1 rate/111 mm·• rate/111 min'1 

1.0 163 248 164 
0.9 125 215 153 
0.8 103 184 143 
0.7 69 159 135 

Table 6.2. Natural aspiration rate as a function of nebuliser gas flow rate for 

three MCN's. 

6.2.2 Test Separation 

To ensure the interface was operating effectively before characterisation with 

metallothionein, a test separation was undertaken. Three inorganic cations (Rb, 

Ba and Mn each at 10 ~g ml-1
) were separated using a 5 mM 4-aminopyridine 

buffer (pH 5.8) and an applied voltage of+ 15 kV (Fig. 6.3). Repeat separations 
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of the inorganic cations highlighted a problem with the MCN ceasing to self­

aspirate. After five repeat injections no sample peaks were detected and the 

solution flow through the capillary was identified as being towards the inlet 

vial. The central capillary of the MCN had blocked and consequently a back 

pressure developed which caused the flow to be reversed in the separation 

capillary. The MCN was unblocked by reverse flushing with 1 % HN03 

however, after several repeat injections the MCN ceased to self-aspirate again. 

The nebuliser was investigated over several days and a random loss of 

nebuliser suction due to blockage of the nebuliser was observed. The two other 

MCN's were investigated and also demonstrated a similar problem. 

As a result of the problems experienced with the MCN a new MCN, identical 

in des1gn to the previous ones, but with an all-silica central capillary, was 

employed. According to the manufacturers, the all-silica central capillary is 

less susceptible to blockage compared with the polyimide coated capillary of 

the old design MCN. The remainder of the work detailed in this Chapter was 

undertaken using the all-silica MCN. 

6.2.3 Pump Selection 

As described in Chapter 4, grounding of the capillary was achieved by the use 

of a coaxial sheath of make-up solution which was pumped through the vertical 

arm of the T-piece. Initially, a peristaltic pump was used to deliver the make­

up solution. However, previous authors" have reported undesirable pulsing 
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Figure 6.3. CE-JCP-MS electrop/1erogram of an aqueous standard 

containing Rb, Ba and Mn (each at 10 pg m[1
). Conditions: 15 kV; 5 mM 

4-aminopyridine buffer (pH 5.8); fused-silica capillary, 50 f.Dtl id, 70 cm 

lengtlt; sample injection, 80 mbar for 12 s; 60 jJI min"1 make-up flow rate (10 
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effects generated by peristaltic ptnnps employed at low flow rates in CE-ICP­

MS systems. To assess the suitability of the penstaltic ptnnp for use in the CE­

ICP-MS interface, make-up solution spiked with In (at 50 ng ml"1
) was ptnnped 

into the MCN at a flow rate of20 Ill min·' and the 115In signal was monitored 

using TRA. To help minimise possible pulsing, microbore ptnnp tubing (0.19 

mm bore) and higher ptnnp rotation rates were employed. A micro bore HPLC 

ptnnp (Dionex GP40 Microbore Gradient Ptnnp, Dionex, Camberley, UK) and 

self-aspiration were also assessed as possible methods for delivering the make­

up solution. 

The 115In signals obtained using the peristaltic ptnnp, HPLC ptnnp and self 

aspiration are presented in Fig. 6.4. Undesirable pulsing effects were not 

observed using the peristaltic ptnnp and the signal was stable. Self-aspiration 

also provided a stable signal but was not preferred because it was practically 

difficult to adopt. Calibration of the self-aspiration flow rate could only be 

carried out by varying the hydrostatic head on the solution. The signal obtained 

using the HPLC ptnnp was the most unstable of the three. During operation, 

the back pressure of the HPLC ptnnp fluctuated significantly which would 

indicate that the pump was struggling to maintain the desired low flow rate. 
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Figure 6.4. Comparison of tlte 115/n traces obtained using a peristaltic pump, 

HPLC pump and self-aspiration. 

6.2.4 Separation Resolution 

One of the principal characteristics of a CE-ICP-MS interface must be the ability 

to transport separated sample components to the plasma without compromising 

the electrophoretic resolution. To assess whether the interface adversely 

affected resolution, individual isoforms of metallothionein were separated and 

detected on-capillary using a UV detector. This separation was then repeated 

using CE-ICP-MS and the corresponding separation resolutions were 

compared. Separation resolution (Rs) was calculated using the following 

equation9
: 
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(Eqn. 6.1) 

where N is the efficiency, t.t is the difference in migration time (s) and tis the 

mean migration time (s). 

6.2.4.1 ON-CAPILLARY UV DETECTION 

I so forms of metallothionein were separated at pH 7.8 using a 20 mM Tris 

buffer and an applied voltage of +25 kV. 1 % mesityl oxide was employed as 

an electroosmotic flow marker. The UV detected electropherogram obtained is 

illustrated in Fig. 6.5. The two predominant peaks were identified as the two 

major isoforms ofmetallothionein, MT I and MT II. Four smaller peaks were 

also observed in the electropherogram, but the identity of these was unknown. 

It was probable, however, that these peaks were unknown isoforms of 

metallothionein. It has been reported that rabbit liver metallothionein may 

consist of up to six individual isoforms, although only MT I and MT II have 

been identified. 3 
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Figure 6.5. UV detected electropherogram of rabbit liver metallothionein 

(1 000 J.IC mt1
). Conditions: UV wavelength 200 nm; 25 k V; 20 mM Tris 

buffer (pH 7.8);fused silica capillary 50 J.DH i.d., 77 cm Iota/length, 60 cm to 

window; sample injection 80 mbar for 12 s (19 nl); neutral marker 1 % 

mesityl oxide. 

6.2.4.2 ICP-MS DETECTION 

For CE-ICP-MS, it was necessary to optimise the make-up flow rate in order to 

minimise the nebuliser suction and resolve the metallothionein isoforms. 

Suction from the self-aspirating nebuliser will have a detrimental effect upon 

resolution by inducing laminar flow within the separation capillary. This 

suction effect can be offset by pumping a sufficient flow of make-up solution to 

satisfy the demand of the nebuliser.10 The make-up flow was also employed 

during sample injection to prevent air bubbles and excess of sample being 
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loaded into the capillary as a result of the nebuliser suction. The make-up flow 

rate was increased (to the natural aspiration rate of the MCN) after the buffer 

rinse and was resumed to the experimental rate immediately upon application 

of the voltage. In previous interfaces,10
•
11 the nebuliser gas flow has been turned 

off during sample injection to prevent such problems. However, this method 

may reduce the overall precision of the system because of the time taken in 

resuming the gas flow to its original value. The nebuliser gas flow rate must be 

increased slowly to prevent possible extinction of the plasma, consequently the 

probability of associated irreproducibilities may be enhanced. 

To determine the optimum make-up flow rate, isoforms of rabbit liver 

metallothionein were separated by CE-ICP-MS using make-up flow rates 

between 10 and 100 J.ll min'1• Electrophoretic conditions as described in 

Section 6.2.4.1 were employed. The total integrated peak area e 14Cd) and 

resolution ofMT I and MT II were measured for each make-up flow rate. A 

graph representing the total peak area and resolution as a function of make-up 

flow rate is presented in Fig. 6.6. 

At the lowest make-up flow rate, 10 J.ll min'1, inadequate compensation for the 

nebuliser suction was achieved and consequently MT I and MT II were 

completely unresolved (Fig. 6. 7). As the make-up flow rate was increased, 

resolution of the two isoforms improved as the nebuliser suction, and laminar 

flow, were reduced. However, in order to improve resolution, sensitivity was 

compromised as a result of sample dilution by the make-up flow. 
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Figure 6.6. Graph representing the resolution and total peak area of MT I 

and MT 11 as a function of make-up flow rate. 

With an injected sample volume of19 n1 and an analyte peak width of7 s, the 

dilution resulting from a 100 J.Ll min·' make-up flow was a factor of 614. It was 

therefore necessary to select a make-up flow rate that offered a compromise 

between resolution and sensitivity. From Fig. 6.6, it can be determined that a 

flow rate of 80 J.Ll min"1 provided the optimum resolution (Rs = 2.52) and 

sensitivity. The " 4Cd CE-ICP-MS electropherogram of rabbit liver 

metallothionein obtained at 80 )ll min·' make-up flow rate is illustrated in Fig. 

6.8. 
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Figure 6.7. mcd CE-ICP-MS electropherogram of rabbit liver 

metallothionein (1000 pg mt1). Conditions: 25 kV; 20 mM Tris buffer (pH 

7.8); fused-silica capillary, 50 Jll1l id, 77 cm length; sample injection, 80 mbar 

for 12 s (19 nl); 10 p1 min-1 make-up flow rate (10 mM NH,NO). 
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Figure 6.8. 114Cd CE-ICP-MS e/ectropherogram of rabbit liver 

metallothionein (1000 pi mt1
). Conditions as in Fig. 6.6 except that the 

make-up flow rate was 80 pi min-1
• 
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By utilising an optimised make-up flow to counterbalance nebuliser suction, a 

good separation of the two metallothionein isoforms was achieved. However, 

as a result of the compromised sensitivity, an alternative method for 

minimising nebuliser suction without the use of a high make-up flow rate was 

sought. In a previous concentric nebuliser interface, 10 a negative pressure was 

applied to the inlet vial as a counterbalancing force opposing the nebuliser 

suction and an improvement in separation resolution was reported. By using a 

negative pressure to counterbalance nebuliser suctwn, a low make-up flow rate 

can be employed therefore minimising sample dilution. 

The effect of employing a negative pressure to counterbalance nebuliser suction 

can be seen in Fig. 6.9. This electropherogram was obtained using a make-up 

flow rate of 10 !-!1 min"1 and an applied buffer reservoir pressure of -130 m bar. 

At 10 !J.l min·1 suction from the MCN was prominent, however the negative 

pressure applied to the buffer vial was sufficient to counterbalance this suction 

and the result was resolution of the two isoforms (Rs = 3). The migration times 

and resolution values listed in Table 6.3 demonstrate the effect of employing a 

negative pressure. The presence of residual nebuliser suction at a make-up 

flow rate of 80 !J.l min·1 was indicated by the shorter migration times. 

Resolution, under negative pressure conditions, was improved compared with 

that achieved using a high make-up flow rate. This was accompanied by a two 

fold increase in sensitivity associated with reducing the make-up flow rate to 10 

!J.l min"1
• The sensitivity enhancement, however, was not as significant as 

would be expected from an 8 fold reduction in sample dilution. This may be an 
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Figure 6.9. mcd CE-ICP-MS electropherogram of rabbit liver 

metallothionein (1000 pi mt1
). Conditions as in Fig. 6.6 except that an 

applied pressure of -130 mbar was used. 
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indication that the MCN was beginning to display marginal performance at 

such low solution flow rates. 

Make up flow Applied negative Migration time/s Resolution 
rate/Ill min'1 pressure /mbar MTI MTII 

so· 0 438 468 2.52 
Jo• -130 568 619 3.00 

ob 0 313 333 2 45 

• ICP-MS detection. • UV detection. 

Table 6.3. Comparison of the resolution obtained using CE-ICP-MS and 

CE-UV. 

Compared with the resolution obtained using on-cap1llary UV detection, CE-

ICP-MS offered an improvement. This improvement, however, was to some 

extent due to the difference in effective capillary length. For UV detection, the 

distance to the detection window was 60 cm whereas in CE-ICP-MS the solutes 

travelled the whole capillary length (77 cm) before reaching the detector. 

Separation resolution is directly related to capillary length, although a 

maximum length limit exists above which resolution deteriorates due to 

molecular diffusion. 

6.2.5 Precision 

The precision of the CE-ICP-MS system was assessed by measurement of the 

migration time, peak area and peak height repeatabilities ofMT I and MT II. 

With ten consecutive injections ofmetallothionein (1000 11g ml'1) RSD's were 

between 8 and 15% (Table 6.4). 
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MTIRSD/% MTIIRSD/% 

M1gration time 8 9 

Peak area 15 13 

Peak height 11 12 

Table 6.4. Migration time, peak area and peak height precision (% RSD). 

One area that requires improvement in CE is that of precision. Fluctuations in 

the migration times of solutes is one of the major causes of imprecision in CE,12 

with RSD's up to 5 %. It was not surprising that with CE-ICP-MS the 

precision was worse that that of conventional CE. Imprecision in CE can be 

caused by a number of factors, including variations in the EOF, sample 

adsorption on to capillary walls and buffer depletion. However, the major 

cause of imprecision in the CE-ICP-MS system was thought to be the 

irreproducibility of the nebuliser suction. Variations in the magnitude of the 

nebuliser suction were observed from day to day and during each day's use, 

and were caused by (1) the partial or complete blockage of the nebuliser 

capillary as a result of buffer salt crystallisation, and (2) the presence of air 

bubbles in the back of the nebuliser. The nebuliser suction had the greatest 

influence on the precision of the system because it not only affected the 

migration time, but also the sample volume injected (and hence the peak area 

and peak height). During sample injection the make-up flow rate was increased 

to the natural aspiration rate of the MCN to prevent suction on the capillary. If, 

for example, the nebuliser suction reduced, the make-up flow rate would then 
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exceed the natural aspiration rate and cause a back pressure to develop. The 

back pressure opposes the injection pressure and consequently a smaller sample 

volume will be loaded into the capillary. 

In order to obtain reproducible results with CE, workers have suggested the use 

of internal standards and also the quotation of electrophoretic mobility rather 

than migration time as a measure of an analytes electrophoretic properties. 

With the further complication of transporting analytes to the off-capillary 

detector, such measures are particularly appropriate in CE-ICP-MS. 

6.2.6 Detection Limits 

CE-ICP-MS detection limits for the isotopes 114Cd, 111Cd, 66Zn and 64Zn were 

determined, under negative pressure conditions, using rabbit liver MT I. The 

ICP-MS peak areas were integrated using Masslynx and calibrated as a function 

of MT I concentration. MT I concentration detection limits were determined 

from 3 times the blank signal. The signal linearity for the four isotopes was 

measured over the concentration range of 1000 - 62.5 flg ml"1 MT I. Signals 

were linear with correlation coefficients of 0.9996, 0.9994, 0.9998 and 0.9998 

for 114Cd, lllCd, 66Zn and 64Zn respectively. Calibration curves for Cd and Zn 

are presented in Appendix I. 

To determine the concentration detection limits of metals bound to MT I, it was 

necessary to quantify the total metal content in MT I. A 1000 flg m1"1 solution 

ofMT I was diluted with Milli-Q water to 5 flg ml·1 and the metal 
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concentration in this sample was measured agamst an aqueous standard 

calibration (1 000-25 ng ml"1 Cd and Zn). The standards and MT I sample were 

analysed by flow injection-ICP-MS using a 20 Jllloop and the standard ICP-

MS configuration i.e., cross-flow nebuliser and Scott-type spray chamber. 1 % 

HN03 was used as the carrier solution. Calibration graphs for Cd and Zn are 

presented in Appendix I. The percentage by mass ofmetallothionein was 7.28, 

7.20, 0.68 and 0.66 %for 114Cd, 111Cd, 66Zn and 64Zn, respectively. 

The CE-ICP-MS concentration detection limits ofMT I, the concentration 

detection limits of the metals bound to MT I and the absolute metal detection 

limits, based on a 19 nl injection volume, are presented in Table 6 5. 

114Cd mcd 66zn 64zn 

MT I concentration LOD/Jlg ml·1 solution 1.52 2.52 68.74 71.97 
Metal concentration LOD/ Jlg g·1 MT 0.11 0.18 0.47 0.48 

Absolute metal LOD/fg 2.09 3.42 8.93 9.12 

Table 6.5. CE-ICP-MS detection limits. 

6.3 SUMMARY 

The combination of a MCN and small cyclonic spray chamber provided a 

simple, easily assembled CE-ICP-MS interface. Nebuliser suction was 

identified as the principal factor controlling electrophoretic resolution in the 

CE-ICP-MS system. To maintain resolution, the nebuliser suction was 

counterbalanced by either an optimised make-up flow or by the application of a 
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negative pressure. The negative pressure method was preferred since it did not 

significantly compromise sensitivity. The analytical value of the CE-ICP-MS 

system was significantly limited by its poor precision which was attributed 

principally to the irreproducibility of the nebuliser suction. 
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CHAPTER SEVEN 

MicroMist Nebuliser CE-ICP-MS Interface 

7.0 INTRODUCTION 

In view of the poor repeatability demonstrated by the MCN-CE-ICP-MS 

system, a new interface was designed incorporating a microconcentric 

MicroMist nebuliser (Glass Expansion, Australia). The MicroMist nebuliser 

was fabricated from glass and consequently may not exhibit the problems 

demonstrated by the MCN i.e., it may be less susceptible to blocking by 

crystallisation of buffer salt and any air bubbles present m the back of the 

nebuliser will be visually detected. To compare the performance characteristics 

of the two interfaces, the Micro Mist interface was evaluated in the same 

manner as the MCN interface using rabbit liver metallothionein. 

7.1 EXPERIMENTAL 

Reagents and instrumentation as detailed in Chapter 6 were employed. 

Co(Giy}3 obtained from The Royal Veterinary and Agricultural University, 

Copenhagen was used as an electroosmotic flow marker. 

CE-ICP-MS Interface. The interface was very similar in design to the MCN 

interface, incorporating a Micro Mist nebuliser and the original T -piece and 

cyclonic spray chamber. A schematic diagram and photograph of the interface 

are presented in Figs. 7 .l and 7 .2, respectively. 
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Figure 7.1. Schematic diagram of the MicroMist nebuliser CE-ICP-MS interface. 
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Figure 7.2. Photograph of the MicroMist nebuliser CE-ICP-MS interface. 
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The Pt-Ir tube and separation capillary were connected directly into the central 

tube of the MicroMist nebuliser using a 'push-in' type PTFE connector. The 

position of the capillary within the central tube was vanable over a distance of 

4 mm inside the central tube. The nebuliser was inserted into a machined 

PTFE connector which was then connected into the cyclonic spray chamber. 

7.2 INTERFACE CHARACTERISATION 

7.2.1 Nebuliser Evaluation 

Prior to use in the interface, the operating characteristics of the MicroM1st 

nebuliser were evaluated. The nebul1ser gas flow rate was optimised for 

maximum sensitivity and the natural aspiration rate of the nebuliser was 
/ 

measured as a function of nebuliser gas flow rate. A 25 ng ml·1 In solution was 

introduced into the nebuliser at 50 J.ll min·1 and the 115ln signal was measured as 

a function ofnebuliser gas flow rate. The ICP-MS ion lenses were re-tuned at 

each gas flow rate for optimum sensitivity. To measure the natural aspiration 

rate of the nebuliser, a self-aspiration tube was connected to the nebuliser and 

the mass of water transferred from a pre-weighed vessel (over a 3 mins time 

period) was measured All measurements were repeated in triplicate. 

The natural aspiration rate of the nebuliser was found to decrease as the 

nebuliser gas flow rate was increased (Fig. 7.3). This was an unusual property 

of the nebuliser and was in contrast to the MCN (and other concentric 

nebulisers) which demonstrate the opposite effect. The behaviour of the 

M1croMist nebuliser may be explained by considering the geometry of the 
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nebuliser; the central tube was recessed with respect to the nebuliser tip. By 

increasing the nebuliser gas flow, the pressure of the stagnated gas beyond the 

recessed tip may increase, thus leading to a reduction in the natural aspiration 

rate. The optimum nebuliser gas flow rate i.e., that providing the maximum 

"
5In response was 0.75 I min·' (Fig. 7.4). 
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Figure 7.3. Natural aspiration rate of the Micro Mist nebuliser as a function 
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Figure 7.4. mln response as a function ofnebu/iser gas flow rate. 
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7.2.2 Optimisation of Capillary Position 

To investigate the influence of the capillary position on signal intensity and 

migration time (i e , nebuliser suction), rabbit liver metailothionein separations 

were performed with the capiiiary positioned at 0, 1, 2, 3 and 4 mm inside the 

central nebuliser tube. Electrophoretic conditions as detailed in Chapter 6 and 

a make-up flow rate of 10 J.ll min·1 were employed. The migration time and 

peak height of MT II were measured at each capiiiary position and are 

presented graphicaiiy in Figure 7.5. 
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Figure 7.5. Influence of capillary position on MT 11 migration time and 

peak height (for 114Cd). 

There was no obvious correlation between the position of the CE capillary and 

the migration time and peak height. This was a very favourable feature of the 

interface since it was not necessary to precisely position the capiiiary each time 

the interface was connected, therefore leading to a more reproducible system. 
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For other concentric nebuliser CE-ICP-MS interfaces14 the opposite 

observation has been reported, where the signal intensity and migration time 

were sensitive to the precise capillary position. 

7.2.3 Separation Resolution 

As was the case with the MCN, suction from the self aspirating Micro Mist 

nebuliser had a detrimental affect upon the resolution of MT I and MT II. 

However, because the natural aspiration rate of the Micro Mist nebuliser was 

lower than the MCN (typically by 50 %), the larmnar flow induced in the 

capillary was less and consequently, at a make-up flow rate of 10 Jll min·', 

resolution of the two isoforms was achieved (Fig. 7.6 a). This was in contrast 

to the MCN interface where at a make-up flow rate of 10 Jll min·' complete loss 

in resolution of the two isoforms was observed. By using a negative pressure 

to counterbalance the nebuliser suction, an improvement in the resolution was 

observed (Fig 7.6 b). The effect of the nebuliser suction can also be observed 

in the faster migration times when no negative pressure was employed. 

7.2.4 Precision 

The precision of the CE-ICP-MS system was determined by measurement of 

the migration time, peak area and peak height repeatabilities for 10 consecutive 

injections ofmetallothionein (1000 )lg ml"1
). To correct for solute migration 

time variations caused by shifts in the electroosmotic flow and nebuliser 

suction, an internal standard (electroosmotic flow marker) was employed. 
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a 

b 

100 200 300 400 500 

Migration time/s 

Figure 7.6. "'Cd electropherograms of rabbit liver metallothionein (1000 pg 

mt1
) illustrating the effect of negative pressure on resolution. a; I 0 pl min-1 

make-up flow rate, b; 10 pl min-1 make-up flow rate, -50 mbar applied 

pressure. 
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Relative migration times (R.) were calculated using the following equation:5 

(Eqn. 7.1) 

where, t,.,. is the net migration time of the solute and t,. is the migration time of 

the electroosmotic flow marker. 

A summary of the migration time, peak area and peak height RSD's are 

presented in Table 7.1. RSD's were below 4.3% and were significantly 

improved (by up to 85 %) compared with the MCN interface. This 

improvement can be attributed solely to the reproducible nature of the 

Micro Mist nebuliser suction. By using an internal standard to correct for shifts 

in migration times, the migration time precision was reduced to 0.5 %. 

MTIRSD/% MTIIRSD/% 

Peak height 4.3 4.2 

Peak area 2.3 2.9 

Migration time 1.9 1.9 

Relative migration time 0.5 0.4 

Table 7.1. Precision data for the MicroMist nebuliser CE-ICP-MS system. 

7.2.5 Detection Limits 

CE-lCP-MS detection limits were determined using rabbit liver MT I, as 

described in Chapter 6. Zn was not detected in the MT I standard and 

consequently only 114Cd and 111Cd detection limits were determined. Signals 

were linear (over the concentration range of 1000 - 62.5 Jlg mr' MT I) with 
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correlation coefficients of0.9997 and 0.9994 for 114Cd and 111Cd respectively. 

Calibration curves for 114Cd and 111Cd are presented in Appendix I. A summary 

of the CE-ICP-MS detection limits is provided in Table 7.2. The absolute 

metal detection limits were higher (by approx. a factor of2) than those obtained 

using the MCN interface. 

114Cd mcd 

MT I concentration LOD/Jlg mi·1 solution 6.91 7.88 
Metal concentration LOD/ Jlg g·' MT 0.50 0.57 
Absolute metal LOD/fg 4.77 5.44 

Table 7.2. CE-ICP-MS detection limits. 

7.3SUMMARY 

A comparison of the MicroMist and MCN interfaces showed the MicroMist 

interface to be superior in terms of precision. The RSD' s measured for the 

Micro Mist interface were up to 85 % lower than those obtained with the MCN 

interface. This improvement was attributed solely to the reproducible nature of 

the MicroMist nebuliser suction. Migration time drifts were corrected by the 

use of an electroosmotic flow marker and resulted in a migration time RSD of 

0.5 %. The detection limits achieved using the MicroMist interface were 

higher, by approximately a factor of2, than those obtained using the MCN. 

This may be a result of a difference in the droplet size distribution of the 

primary aerosols generated by the two nebulisers. 
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CHAPTER EIGHT 

The Speciation of Selenium In Yeast 

8.0 INTRODUCTION 

Selenium is an essential element for biological systems known both as a 

nutrient and as a potential toxicant. The tolerance range between beneficial and 

toxic concentrations is very narrow, and both an excessive and insufficient 

intake of selenium can have serious health implications. Selenium toxicity, 

selenosis, can lead to skin lesions, hair loss and abnormalities of the nervous 

system, whilst selenium deficiency has been linked with heart disease, arthritis 

and infertility.1 Selenium also has a suggested role in the prevention of 

cancers2.3 due to its incorporation in the human enzyme glutathione peroxidase 

which inhibits the oxidative role ofperoxides and hydroperoxides. 

The nutritional bioavru.lability, toxicity and cancer preventive activity of 

selenium have been shown to be highly species dependent.4
"
7 Selenium in the 

form of selenomethionine is less efficacious than selenite in preventing cancer 

because selenite is more easily metabolised to methyl selenol, the form of 

selenium active against cancer. 4 In contrast, the bioavailability of 

selenomethionine is greater than that of selenite. Human studies have shown 

selenomethionine to have an apparent absorption of> 90 %7 whilst the 

absorption of selenite was in the range of 30 % to 60 %. 8•
9 

Due to the nutritional and cancer preventive benefits, selenium enriched yeast 

is widely used as a source of selenium in nutritional supplements. 
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Clark et a/.2 reported that the consumption of yeast derived selenium nutritional 

supplements was associated with statistically significant reductions in total 

cancer mortality and cancer incidence. This finding has led to much interest in 

the speciation of selenium in selenium enriched yeasts. Gilon et a/. 10 and 

Olivas et a/. 11 reported the presence of three different forms of selenium in 

yeast; inorganic selenium, selenocystine and selenomethionine. In the work by 

Bird et al. 12
•
13 more than twenty selenium species, including selenocystine, 

selenomethionine and methylselenocysteine, were reported to be present in 

selenium enriched yeast. To date, the majority of studies have focused on the 

use ofHPLC-ICP-MS methods for the speciation of selenium in yeast, with 

particular reference to ion pair and ion exchange chromatography. Although 

CE methods have been developed to separate organic and inorganic selenium 

species,14-1
7 as yet the technique has not been applied directly to yeast samples. 

In this Chapter, the development of a CE-ICP-MS method for the speciation of 

selenium in selenium enriched yeast and selenium nutritional supplements will 

be detailed. 

8.1 EXPERIMENTAL 

8.1.1 Reagents and Samples 

Sodium selenite, sodium selenate, seleno-DL-methionine and seleno-DL­

cystine were purchased from Sigma. Standard solutions of the four selenium 

species were prepared by dilution of the appropriate mass of standard in Milli­

Q water. A 100 ng ml'1 selenium solution was used for tuning the ICP-MS and 
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was prepared by dilution of a 1000 Jlg rnl·1 stock standard solution (Sigma) in 1 

% HN03• Sodium carbonate [N~C03 (Sigma)] was used as the electrophoresis 

buffer and was prepared by dissolution in Milli-Q water. The make-up flow 

solution was 5 mM NH4N03 and Co(gly)3 was used as the EOF marker. The 

extraction enzyme, protease XIV, was purchased from Sigma. A certified 

reference material, DOLT-2, was purchased from Promochem (Welwyn Garden 

City, UK). 

Four different samples were analysed: Sample A was an industrially produced 

selenium enriched yeast (1948 Jlg g·1 Se); sample B was a commercially 

available yeast based selenium supplement (333 Jlg g·1 Se); sample C was a 

commercially available non-yeast based selenium supplement (400 Jlg g·1 Se); 

sampleD was a 77Se isotopically enriched yeast produced at the Institute of 

Food Research, Norwich. 

8.1.2 Instrumentation 

ICP-MS. For the speciation analysis, a VG PlasmaQuad (PQ I) ICP-MS 

instrument was used. For the total selenium determinations, a Perkin Elmer 

Sciex Elan 6000 (Perkin Elmer, Beaconsfield, UK) ICP-MS instrument fitted 

with a cross flow nebuliser and double pass spray chamber was employed. 

Typical operating conditions for the two ICP-MS instruments are provided in 

Table 8.1. 
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VGPQI PEEian6000 
Rfpower/W Optimised 1350 
Reflected power/W 0 0 
Coolant gas flow/ 13.5 14.0 
I min'1 

Auxiliary gas flow/ 0.8 0.8 
I min-1 

Nebuliser gas flow/ Optimised 0.8 
I min-1 

11easurementmode Peak jump (dwell time Peak jump (dwell time 
10.24 ms) lOOms) 

Isotopes monitored 59Co, 76Se, 77Se, 78Se, 82Se 74Se, 76Se, 77Se, 78Se, 82Se 

Table 8.1. JCP-MS operating conditions. 

CE System. Separations were performed using the Prince Technologies Crystal 

310 CE system as described in Chapter 6. 

CE-JCP-MS interface. The 11icro11ist nebuliser interface as detailed in 

Chapter 7 was employed. 

Microwave. Total selenium concentration in the yeast samples was determined 

by ICP-11S following acid digestion in a closed vessel Perkin Elmer 11ultiwave 

microwave (Perkin Elmer, Beaconsfield, UK). 
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8.2 RESULTS AND DISCUSSION 

8.2.1 Optimisation ofRfPower and Nebuliser Gas flow Rate 

The Rf forward power and nebuliser gas flow rate were optimised in order to 

attain the maximum sensitivity for selenium. A 100 ng ml"1 selenium solution 

was introduced into the Micro Mist nebu1iser at 10 J.!l min·', and the 82Se 

response was measured as a function of forward power and nebuliser gas flow 

rate. The selenium solution was delivered using a peristaltic pump and the 

ICP-MS ion lenses were re-tuned each time the power or nebuliser gas flow 

rate was changed. 

As the nebuliser gas flow was increased from 0.6 to 0. 7 I min·' the selenium ion 

intensity increased (Fig. 8.1 ). Beyond a nebuliser gas flow rate of 0. 7 I min·' 

the selenium ion intensity decreased, thus yieldmg an optimum nebuliser gas 

flow rate of0.7 I min·'. Increasing the Rfforward power from 1350 to 1500 W, 

at 0. 7 1 min·' nebuliser gas flow rate, resulted in a 16 % enhancement of the 

selenium signal. At other nebuliser gas flow rates a marginal increase in the 

selenium ion intensity was achieved by increasing the Rf power. Therefore, a 

forward power of 1500 W and nebuliser gas flow rate of 0. 7 I min·' were 

selected to provide the optimum selenium sensitivity. 
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Nebuliser gas flowrate/1 min-1 

Figure 8.1. 32Se ion intensity as a function of Rfforward power and 

nebuliser gas flow rate. 

8.2.2 CE-ICP-MS Separation of Selenium Species 

A CE-ICP-MS method was developed for the separation of two organic 

[selenomethionine (SeMet), selenocystine (SeCys)] and two inorganic (sodium 

selenate, sodium selenite) selenium species. As a result of the high upper pKa 

values of SeMet, SeCys and selenite, and the strongly acidic nature of selenate 

(Table 8.2), electrophoretic conditions were selected to ensure the selenium 

species were in their anionic forms and a strong EOF was generated. A strong 

EOF was necessary in order to overcome the natural electrophoretic mobility of 

the anions towards the anode and to transport the anions towards the nebuliser 

(cathode). To maximise the EOF a high voltage, high pH and low ionic 

strength buffer were employed. 
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Compound Structure pKa 

Sodium selenite ON a 2 60, 8.30 
(SeiV) 

de-oNa 

~ 

Sodium selenate ON a <1, 2.00 
(Se VI) I 

O=Se-ONa g 
Se1enocystine (Se-CH-CH- CO H) 2.10, 8.91 

(SeCys) 2 I 2 2 

NH, 

Selenomethionine CH,-Se-CH,-CH,-r-CO,H 2.28, 9.21 
(SeMet) 

NH, 

Table 8.2. Structure and pKa values for selenious compounds of interest. 
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Separation of the four selenium species (each at 50 J.Lg mi·' Se) was carried out 

using a 10 mM Na2C03 buffer (pH 11) and an applied voltage of +30 kV (Fig. 

8.2). Mobility orders were determined by injections of the individual selenium 

species with the EOF marker (Table 8.3). The electrophoretic and 

electroosmotic mobilities were calculated using the following equations: 

f.lnet = J.L + f.loo 

IL 
J.lco = Vt 

(Eqn. 8.1) 

(Eqn. 8.2) 

(Eqn. 8.3) 

where, J.Ln .. is the net mobility of the species, J.L is the actual mobility of the 

species, J.leo is the mobility of the EOF marker, I is the effective capillary length, 

L is the total capillary length, V is the applied voltage and t is the migration 

time. 

EOF t,..ls J.L,jx IO"" t,..ls fl/x 1004 

cm2V"'s·' cm2V"'s·' 
Peak 1 171 9.55 227 -2.35 1.32 
Peak2 171 9.55 279 -3.70 1.63 
Peak3 171 9.55 413 -5 60 2.42 
Peak4 171 9.55 543 -6.55 3.18 
SeMet 172 9.50 227 -2.30 1.32 
SeCys 172 9.50 278 -3.62 1.62 
Selenite 170 9.61 407 -5 60 2.39 
Selenate 173 9.44 555 -6.50 3.21 

Table 8.3. Migration times, mobilities, and relative migration times oftlte 

EO F marker and selenium species in tfte mixed and individual standards. 
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Figure 8.1. CE-ICP-MS electropherograms for the separation of SeMet, 

SeCys, selenite and selenate (each at approx. 50 pg mt1 Se). Conditions: 30 

kV; 10 mM Na2C03 buffer (pH ll);fused-silica capillary, 50 fJ111 id, 375 fJ111 

od, 70 cm length; sample injection, 100 mbar for 6 s (13 nl); EOF marker Co 

(gly)3 (approx. 1 pg mt1 Co); 5 mM NH.l{03 make-up solution@ 10 pi min"1
• 
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Resolution of the four selenium species was achieved in the absence of a 

negative pressure without the need for further optimisation of electrophoretic 

conditions. An efficiency of2.0 x 104 theoretical plates (for selenate) was 

achieved The fact that a negative pressure was not required indicated that the 

laminar flow induced by the MicroMist nebuliser suction was minimal. In fact, 

laminar flow (determined by injection of the EOF marker in the absence of an 

applied voltage) was found to account for approximately 17 % of the solutes 

linear velocity (Fig. 8.3). 

Migration time@ 30 kV = 165 s = 2.75 min 

Migration time@ 0 kV = 967 s = 16.12 min 

70cm 
Linear velocity oflaminar flow= 

16
.
12 

min = 4.3 cm min·' 

Laminar flow rate = 7trl = 7t(25 X 1 0-6)2( 4.3 X 1 0"2) 

= 8.44 x 10"11 m3 

= 0.08 ~I min·' 

. 70cm 
Combined laminar and electroosmotlc flow= 

2 
. = 25.5 cm min·' 

75mm 

Combined laminar and electroosmotic flow rate = 7t(25 X 1 0-6)(25.5 X 1 0"2) 

= 0.5 ~I min·' 

( 
4.3) Laminar flow accounts for 
255 

x 100 = 16.9% of the linear velocity 

Figure 8.3. Calculation of the contribution of laminar flow to the analyte 

linear velocity. 
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8.2.2.1 IONIC STRENGTH MEDIATED STACKING 

In order to enhance sensitivity, on-capillary ionic strength mediated stacking 

was employed. In this method, stacking occurs when the conductivity of the 

sample is significantly lower (at least 10 fold) than that of the run buffer. 

According to Ohms Law, upon the application of a voltage a proportionally 

greater electric field will develop across the sample plug causing ions to 

migrate faster. When the ions reach the boundary between the sample plug and 

run buffer the field strength decreases and the ions begin to migrate with a 

slower mobility. This process continues until all the sample ions have reached 

the boundary and are concentrated into a narrow band. At this point, the field 

becomes homogeneous in the band and normal electrophoresis begins. 

To measure the sensitivity enhancement achievable using stacking, a standard 

containing four selenium species was prepared in 10 mM N~C03 and a second 

equivalent standard was prepared in water. The two standards were analysed in 

triplicate by CE-ICP-MS and the corresponding 82Se peak areas were 

integrated. A sensitivity enhancement of a factor of three was obtained by 

preparing the standard in water. 

8.2.2.2 PRECISION 

Migration time, relative migration time and peak area repeatability was 

measured for 10 consecutive injections of the mixed selenium standard (50 1-1g 

m1·' Se for each species). RSD' s were less than 6 3 % and 1 6 % for the peak 

area and migration time, respectively (Table 8.4). 
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Co(gly)3 SeMet SeCys Selenite Selenate 

MtgratiOn time 1.2 1.2 1.2 1.6 1.1 
Relative migration time 05 0.5 1.0 1.0 
Peak area 6.0 6.3 5.9 6.0 5.9 

Table 8.4. Migration time, relative migration time and peak area RSD's (%). 

Selenium peak areas were measured for tfte isotope 82Se. 

8.2.3 Sensitivity Enhancement Using Ethanol 

The accurate and sensitive determination of selenium by ICP-MS is 

problematic owing to the formation of polyatomic ions in the plasma (Table 

8 5) and to the high first ionisation energy of selenium (9.75 eV) which, in an 

argon plasma, yields only a 33 % ionisation.18 A number of approaches have 

been developed to reduce the presence of spectroscopic interferences and to 

enhance the selenium sensitivity in ICP-MS. Such approaches include, 

modification of the sample introduction mode,11
•
19·20 the addition of molecular 

gases such as nitrogen21 .22 and methane/3 and the addition of organic solvents 

such as ethanoV4 methanol,11.12.25 propan-2-ol26 and butanol-1-ol.ms 

Isotope Abundance/% Spectroscopic interferent 

'
4Se 0.9 38A?6Ar 74Ge , 

'6Se 9.4 •oA.f'l6Ar, JsAr
2
, '6Ge 

77Se 7.6 •oAr' Cl 
78Se 23.8 40Af'l8Ar, 78Kr 

so se 49.6 40Ar2 
s2Se 8.7 •oAr H s2Kr •oAr•2ca s'BrH 

2 2' ' ' 

Table 8.5. ICP-MS spectroscopic interferences on selenium. 
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To investigate how the addition of ethanol affected the selenium sensitivity in 

the CE-ICP-MS syste~ separation of the selenium standards was undertaken 

using 5 mM N"RtN03 make-up solution which was prepared in a) water, b) 1% 

v/v ethanol, c) 5% v/v ethanol and d) 10 % v/v ethanol. Separations using the 

four make-up solutions were carried out in triplicate and the corresponding peak 

areas integrated. A graph representing 82Se and 59Co peak areas as a function of 

ethanol concentration can be seen in Fig. 8.4. 

"' ... 
550000 

"§ 450000 

t' 
to: 
~ 350000 ... 
~ 
~ 250000 
~ 
~ 
Cl 

~ 150000 

50000 

0 2 4 6 8 

%ethanol 

j--....-eo -+-SeMet ----.- seCys - s erv --+- SeVl j 

10 

Figure 8.4. Sensitivity enhancement in the presence of increasing 

concentrations of ethanol. 

Increasing the ethanol concentration in the make-up flow had the effect of 

enhancing both the selenium and cobalt signals. With the addition of 10 % 

ethanol, an enhancement factor of 3.3 and 1.3 for selenium and cobalt, 

respectively was observed. The fact that the enhancement factor for the two 
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elements was significantly different indicated that a number of processes may 

be contributing to the increase in sensitivity. The first process may be directly 

related to the formation of droplets and desolvation in the plasma. The 

presence of ethanol will change the physicochemical properties of the solution, 

reducing the viscosity and surface tension thus leading to an overall smaller 

droplet size distribution. Finer droplets will yield an increase in the sample 

transport efficiency and lower the desolvation effects required in the plasma. 

A second factor may relate more specifically to the ionisation mechanisms 

occurring in the plasma. The introduction of carbon containing solvents into 

the plasma will result in an increase in the population of c+ and/or carbon 

contaming polyatomic ions. Since carbon has a higher ionisation potential 

(11.26 e V) than Se, the degree of ionisation of poorly ionised analytes will be 

improved as a result of electron transfer to carbon and carbon containing 

polyatomic ions. The ionisation enhancement factor will be less significant for 

those analytes with lower ionisation energies.11.25 

A third factor may be associated with a change in the geometry of the plasma 

which may ultimately lead to an optimisation of the ion extraction efficiency. 

V anhaecke et al?9 reported that when a solvent is introduced into a plasma, the 

plasma contracts causing a spatial shift of the zone of maximum M+ density and 

modification of the sampling depth. 
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8.2.4 Detection Limits 

Calibration standards containing SeMet, SeCys, selenite and selenate at 

selenium concentrations of 50, 25, 12.5, 6.25 and 3.125 J.lg ml'1 were prepared 

in water and analysed in triplicate. Calibration graphs were obtained from 82Se 

peak areas and were linear in the concentration range studied. Calibration 

graphs are presented in Appendix I. Detection limits were calculated from 

three times the blank signal and are presented in Table 8.6. 

SeMet SeCys Selenite Selenate 

LOD/ngml'1 

Absolute LOD/pg 

355 349 284 293 

4.6 4 5 3.7 3.8 

Table 8.6. CE-ICP-MS detection limits for SeMet, SeCys, selenite and 

se/en ate. 

8.2.5 Sample Preparation 

In order to obtain accurate speciation information, it is essential that the 

endogenous selenium species present in the yeast are extracted without 

modification of their chemical form. Previous studies of selenium speciation in 

yeast have utilised acid hydrolysis,10 hot water10
•
12

•
13

•
30

•
31 and proteolytic 

enzyme10
•
12

•
13.3°.3 1 extraction methods, with the enzyme method providing the 

greatest extraction efficiency. In this work, samples were extracted using a 

non-specific enzyme, protease XIV, which is capable of breaking down the 

peptide bonds of any protein and reverting it to the amino acid components. 
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Samples were ground using a pestle and mortar, 0.25 g was weighed into a 15 

m! centrifuge tube and protease was added followed by 2.5 m! of 18 MQ water. 

To evaluate how the mass of enzyme and temperature affected the extraction 

efficiency, extractions were undertaken using three different masses of protease 

(12.5 mg, 25 mg and 50 mg) and two extraction temperatures (room 

temperature and 37 °C) . Samples were shaken in the dark at room temperature 

(using a Gallenkamp wrist action shaker) for 24 hrs. Those samples being 

extracted at 37 oc were placed in a shaking water bath (Grant OLS 200) at 110 

strokes min·1 for 24 hrs. The solutions were centrifuged for 30 mins using an 

IEC Centra centrifuge running at 8000 rev min·1
• Supematants were then 

removed and filtered through a 0.45 J.tm Millex-HV filter. Because of the 

limited avm1abihty of sample D only one extraction (25 mg protease, room 

temperature) was undertaken. 

8.2.6 Total Selenium Determination and Extraction Efficiency 

Total selenium concentrations in the unextracted and extracted samples was 

determined by ICP-MS following closed vessel acid digestion. For the 

unextracted samples, 0.1 g was weighed into a 50 m! high pressure Quartz 

vessel and 5 m! of concentrated HN03 was added. The sample was then 

subjected to 45 min digestion program of elevated temperature and pressure. 

Following digestion, the samples were quantitatively transferred into test tubes 

and the volume was made up to 10 m! using 18 MQ water. An aliquot (1 m!) 

of the digest was then added to 4 m! of a 1 % HN03 diluent containing 12.5 ng 

ml·1 Rh internal standard before analysis by direct measurement ICP-MS. In 
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the case of sample A, a greater dilution was necessary because of its high 

selenium concentration thus, 0.25 m! of digest was added to 4 m! diluent and 

0.75 m! concentrated HN03• Four concentrated HN03 blanks and one blank 

spiked with 25 J.lg selenium (to give a final spike concentration of 500 ng ml"'} 

were digested in the same manner as the samples. For quality control purposes 

a certified reference material (CRM), DOLT-2 (Se concentration 6.06 ± 0 49 

)lg m!"') was analysed in triplicate. DOLT-2 is a fish-based CRM and was 

selected because of its high selenium concentration. It is good practice to select 

a CRM with a similar matrix to the samples being analysed, however, a yeast 

based CRM was not available. 

For the extracted samples both the supematant and remaining solid pellet were 

analysed for total selenium concentration. An aliquot (1.0 m! for samples B,C 

and D, 0 25 m! for sample A) of the supematant was digested in the manner 

described previously. For the pellets, 1.0 g was digested. All samples were 

digested and analysed in duplicate. 

Stock calibration standards at selenium concentrations of I 0 J.lg mJ·', 3 J.lg m!"', 

I J.lg mJ·', 300 ng mJ·', 100 ng mJ·', 30 ng mJ·' and I 0 ng mJ·' were prepared in 

50% HN03• Working calibration standards were prepared by five fold dilution 

of the stock standards in the measurement diluent to give final selenium 

concentrations of 2000, 600, 200, 60, 20, 6 and 2 ng mJ·'. Selenium was 

quantified using 82Se. 

137 



Chapter Eight The Speciatwn of Selenium in Yeast 

The total selenium concentration in the four samples, the selenium 

concentration in the supematants and the selenium concentration in the pellets 

are presented in Tables 8.7, 8.8 and 8.9, respectively. All results were blank 

and recovery corrected. For the reference material, a selenium concentration of 

7.07 ± 0.08 flg g·' was obtained and was within the accepted± 20% NAMAS 

criteria. 

Sample Se con centration/flg g·' 

A 2092.7 

B 401.3 

c 444.8 

D 160.6 

Table 8. 7. Total selenium concentrations in samples A, B, C and D. 

Extraction conditions A B c D 

12.5 mg protease, RT 170.5 35.8 43.0 

12.5 mg protease, 37 oc 162.0 35.3 42.6 

25 mg protease, RT 180.6 31.6 43.0 10.3 

25 mg protease, 37 oc 165.1 29.7 46.2 

50 mg protease, RT 170.0 37.0 40.3 

50 mg protease, 37 °C 168.9 33.5 43.4 

Table 8.8. Selenium concentration(pg mt1
) in tfte supernatants. 
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Extraction conditions A B c D 

12.5 mg protease, RT 257.7 49.4 30.5 

12.5 mg protease, 37 oc 340.9 45.5 29.1 

25 mg protease, RT 277.7 39.3 31.3 36.2 

25 mg protease, 37 oc 391.8 41.7 31.4 

50 mg protease, RT 303.2 44.0 26.1 

50 mg protease, 37 °C 449.1 48.3 23.1 

Table 8.9. Selenium concentration (pg g·1) in the pellets. 

Extraction efficiencies were found to be> 74 %(Table 8.1 0), with yields for 

sample A in the range of77%- 86 %, sample Bin the range of74%- 92% 

and sample C in the range of91%- 104%. For sampleD, a lower extraction 

efficiency of 64 %was obtained. The mass of protease used in the extraction 

had no apparent effect upon the yield of selenium extracted. At the elevated 

temperature of 37 °C, a marginally lower extraction yield was observed for 

samples A and B. However, for sample C this was not observed. 

Extraction conditions A B c D 

12.5 mg protease, RT 81.5 89.0 96.7 

12.5 mg protease, 37 °C 77.4 88.0 95.8 

25 mg protease, RT 86.3 78.7 96.7 64.1 

25 mg protease, 37 °C 78.9 74.0 103.9 

50 mg protease, RT 81.2 92.2 90.6 

50 mg protease, 37 °C 80.7 83.5 97.6 

Table 8.1 0. Extraction ejjiciencies (%). 
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8.2.7 Speciation Analysis 

Supematants were analysed directly without dilution using the CE-ICP-MS 

method detailed in Section 8.2.2. Identification of selenium species was carried 

out by comparison of the migration and relative migration times with standards, 

and by spiking experiments. 

SAMPLE A 

The 82Se CE-ICP-MS electropherogram for sample A is presented in Fig. 8.5. 

One predominant selenium species with a migration time of261 s (R. = 1.33) 

was present in the sample, in addition to three smaller unresolved peaks. The 

chemical form of the major selenium species in the yeast was identified as 

selenomethionine. A semi-quantitative measure of the selenomethionine 

concentration in the sample was determmed by CE-ICP-MS using standard 

addition. The sample was spiked with selenomethionine (at 50 Jlg ml"1 Se) and 

the spiked and unspiked samples were analysed in triplicate. The concentration 

of selenomethionine was found to be 155 Jlg ml·1
• 

SAMPLER 

For sample B, one selenium peak with a migration time of614 s (R.= 3.04) 

was present in the electropherogram (Fig. 8.6). The relative migration time of 

the peak was lower than that obtained for a selenate standard (R. = 3.18), 

however spiking experiments indicated that the chemical form of the selenium 

present in sample B was likely to be selenate. A semi-quantitative measure of 
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Figure 8.5. 12Se CE-ICP-MS e/ectropherogram of sample A, EOF= 196 s. 

Conditions as Fig. 8.2 except 5 mM NH.N03 prepared in 10% ethanol used 

at the make-up flow. 
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Figure 8.6. 82Se CE-ICP-MS electropherogram of sample B, EOF = 201 s. 

Conditions as Fig. 8.5. 
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the selenium concentration in the sample was detennined using standard 

addition. The sample was spiked with selenate (50 llg ml·' as Se) and the 

spiked and unspiked samples were analysed in triplicate. The concentration of 

selenate was calculated to be 28.8 11g ml"1
• This was approximately 20% lower 

than the total selenium concentration detennined by ICP-MS. 

SAMPLEC 

One selenium peak with a migration time of618 s (R, = 2.99) was present in 

the electropherogram for sample C (Fig. 8.7). As was observed with sample B, 

the relative migration time of the peak was lower than that observed for a 

selenate standard. However, spiking experiments indicated that the chemical 

fonn of selenium in the sample was selenate. This was inconsistent with the 

suppliers specification which stated that the sample was selenomethionine. By 

means of standard addition, the selenium concentration in the sample was 

detennined to be 44.9 llg ml·'. This was equivalent to a recovery of I 04.4 %. 

SAMPLED 

For sampleD, the electropherogram was less easy to interpret and contained 

either one broad tailing peak or possibly a number of unresolved peaks (Fig. 

8.8). The migration time of the major peak was 210 sand was equivalent to the 

EOF marker, thus indicating the presence of a neutral species. However, 

spiking of the sample with selenomethionine (50 11g ml"1 Se) highlighted an 

abnonnality where by the selenomethionine spike also migrated with a mobility 
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Figure 8. 7. 82Se CE-ICP-MS electropherogram of sample C, EOF = 207 s. 

Conditions as Fig. 8.5. 
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equal to the EOF (Fig. 8.9). At pH 11 selenomethionine was anionic, therefore 

electrophoretic separation was not occurring and the injected analytes were eo­

migrating with the EOF. Following analysis of the spiked sampleD, a standard 

containing four selenium species was analysed. Relative migration times were 

normal, thus indicating that the system was operating correctly and that the 

observed eo-migration was specific to sample D. 

The fact that SeMet migrated with a mobility equal to the EOF was apparently 

due to the sample matrix and may indicate the presence of a colloid. It may be 

the case that during the extraction procedure the sample formed a colloid 

which, due to its overall neutral charge status, would migrate with the EOF. 

When SeMet was added to the sample it may interact with the colloid and 

therefore eo-migrate. In an attempt to identifY the possible presence of a 

colloid two approaches were taken. Firstly, the sample was ultrasonicated in a 

sonic bath and secondly the sample was rinsed repeatedly in water, freeze dried 

and then extracted. During the manufacture of the sample it was washed 

several times in saline solution thus leaving the sample with a relatively high 

salt concentration. A high salt concentration may promote the formation of a 

colloid or adduct so the sample was washed in an attempt to remove the salt. 

Both ultrasomcating and washing the sample had no effect upon the eo­

migration with the EOF. The washed and unwashed extracts were also d1luted 

in 0.5 %, 1.0 % and 5 % (v/v) ethanol in an attempt to disrupt any colloidal 
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Figure 8.8. 77Se CE-ICP-MS electropherogram of sampleD, EOF=210 s. 

Conditions as Fig. 8.5. 
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Figure 8. 9. CE-ICP-MS electropherogram of sampleD spiked with SeMet 

(50 pg mf1 Se), EOF = 210 s. Conditions as Fig. 8.5. 
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species present. However, no difference was observed in the 

electropherograms of the alcoholic extracts. The sample was also spiked 

individually with SeCys, selenite and selenate (each at 50 Jlg ml·1 Se). In 

contrast to the SeMet spike, the SeCys, selenite and selenate spikes did not 

migrate with the EOF, however their relative migration times were different to 

the relative migration times of standards (Table 8.11). For the two organic 

species, their migration time was reduced in the presence of sampleD, wlulst 

for the inorganic species an increase in migration time was observed. 

SAMPLE EOF/s SeMetR. SeCys R. Selenite R. Se1enate R. 

Standard 171 1.32 1.63 2.42 3.18 

D+SeMet 210 1.00 

D+SeCys 208 1.38 

D + Selenite 209 2.73 

D + Se1enate 207 3.37 

Table 8.11. A comparison of the relative migration times of standards added 

to sampleD and relative migration times of standards in aqueous solutions. 

8.3SUMMARY 

The CE-ICP-MS method developed provided an efficient, reproducible 

separation of selenomethionine, selenocystine, selenite and selenate. As a 

result of the generally poor sensitivity ofiCP-MS for selenium, sensitivity 

enhancement was achieved by the addition of 10% (v/v) ethanol to the make­

up solution and by on-capillary sample stacking. The samples were extracted 

using a proteolytic enzyme extraction method that provided high extraction 
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yields of> 74 %. The chemical form of selenium present in the samples was 

identified by comparison of migration times with standards and by spiking 

experiments. In sample A, the major selenium containing species was 

selenomethionine, sample B was inorganic selenate and sample C was also 

inorganic selenate. For sample C, the speciation was inconsistent with the 

suppliers specification which stated that the sample was selenomethionine. The 

speciation of sample D was not undertaken because of difficulties with a matrix 

effect that caused a shift in the migration time of spiked standards. It was 

apparent that the standards were interacting to varying degrees with the sample 

matrix and their mobilities were thus being affected. 
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CHAPTER NINE 

The Speciation of Selenium in Yeast By HPLC-ICP-MS 

9.0 INTRODUCTION 

The direct coupling of high performance liquid chromatography (HPLC) with 

ICP-MS is an established approach to elemental speciation. The technique, 

with particular reference to ion exchange and ion pair mechanisms, has been 

used in a number of studies for the speciation of selenium in selenium enriched 

yeast.'.,; In this Chapter, an anion exchange HPLC-ICP-MS method will be 

used for the speciation of selenium in selenium enriched yeasts. The four 

samples analysed by CE-ICP-MS in Chapter 8 were analysed by the HPLC 

method and the results from the two techniques compared. 

9.1 EXPERIMENTAL 

9.1.1 Reagents 

Selenium standards and samples, as detailed in Chapter 8, were used. 

Standards were prepared by dissolution in the mobile phase. The mobile phase 

was 5mM salicylate (pH 8.5) prepared in the following manner; 0.3453 g 

salicylic acid (Sigma) was dissolved in 5.0 m! methanol and 0.4003 g of 

sodium salicylate (Sigma) and 950 m! Milli-Q water were added. The pH was 

adjusted to 8.5 by drop-wise addition of 5 % Tris and the volume was then 

made up to I 000 m! using Milli-Q water. The mobile phase was vacuum 

de gassed prior to use. 
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9.1.2 Instrumentation 

ICP-MS. The PQ1 ICP-MS fitted with a cross-flow nebuliser and Scott-type 

double pass spray chamber was employed. The instrument was operated using 

the conditions detailed in Chapter 8, with the exception of the nebuliser gas 

flow rate which was 0.8 I min"1
• 

HPLC. The HPLC system was a Dionex DX500 (Dionex, Camberley, UK) 

comprising of a GP40 gradient pump and ASM autosampler. A 120 mm x 4.6 

mm id Polysphere IC An-2 anion exchange column (Merck) preceded by a 

guard column (25 x 4.6 mm) of the same packing was used. The Rheodyne 

9010 six-port injection valve (Rheodyne, CA, USA) was fitted with a 50 )ll 

PEEK sample loop. Isocratic separation was achieved using a 5 mM salicylate 

mobile phase (pH 8.5) delivered at a flow rate of 0. 75 m! min"1
• The column 

outlet of the HPLC was connected directly to the nebuliser via a Teflon tube 

(0.5 mm id). 

9.2 RESULTS AND DISCUSSION 

9.2.1 Separation of Selenium Species 

Anion exchange separation of selenomethionine, selenocystine, sodium selenite 

and sodium selenate was carried out using a method adapted from Crews et al. 7 

Anion exchange was the selected mode of chromatography because it utilises 

the pH dependent anionic character of the four species and allows the use of an 

aqueous mobile phase (organic mobile phases employed in reverse phase 

HPLC can cause instability in the plasma). The separation mechanism in anion 
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exchange is governed by the ionisation of spectes. Separation occurs as a result 

of the interaction of anions with quaternary ammomum sites bound to the 

polymenc stattonary phase. 

The HPLC-ICP-MS chromatogram for the separatiOn of the four selenium 

species (at selenium concentrations of approxtmately 18 J.!g mr1
) can be seen in 

Ftg. 9.1. The retentwn order of the spectes was detenmned by inJections of the 

mdtvidual standards and can be explained by considering the pKa's of the 

species. At pH 8.5, selenate is m the form of Seo/· and thus has the strongest 

tome mteraction with the quaternary ammonium ions and elutes last. Selemte 

exists as Se03 · and therefore elutes later than the two orgamc spectes, SeCys 

and SeMet, which extst in eqmhbnum between the zwittenomc and amomc , , 

forms. SeMet elutes before SeCys because its anionic form possesses one 

negative charge locahsed to the carboxylate group [CH3SeCH2CH(NH2)COO'] 

whilst the amonic form of SeCys has two negative charges 

['OOC(NH2)CHCH2SeSeCH2CH(NH2)COO·]. The retention factors (k) of the 

two organtc species mdtcated weak mteract10ns wtth the stationary phase 

(Table 9.1). The void volume of the column was measured by passing a 

solution of LtCI (10 ng mr1
) through the column at dtfferent flow rates. The 

vmd volume was found to be 1.50 ± 0.02 ml (Table 9.2). 

Column recovenes were determined by post-column InJections of the mtxed 

selenium standard. Recoveries between 78 and 92 % were obtamed (Table 

9.1). 
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Figure 9.1. 82Se HPLC-ICP-MS chromatogram of selenium standards (each 

at- 18 pg mf1 Se). I- SeMet (t, = 162 s), 2- SeCys (t, = 217 s), 3- selenite (t, 

= 373 s), 4- selenate (t, = 606). Chromatographic conditions; 120 mm x 4.6 

mm id Polysphere IC An-2 anion exchange column, 5 mM salicylate mobile 

phase (pH 8.5), 0.75 ml min-1flow rate, 50 pi injection. 
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SeMet SeCys Selenite Selenate 

Retention ttme/s 162 217 373 606 

Retention factor 0.35 0.81 2.11 4.05 

Effictency/theoretical plates 363 417 1140 1486 

Column recovery/% 88 78 92 92 

Table 9.1. Retention time, retention factor, efficiency and column recovery 

for the four selenium standards. 

Flow rate/m! min"1 tJs Void volume/m! 

1.0 91 1.52 

0.75 120 1.50 

0.5 179 1.49 

Table 9.2. Void volume of the column calculated at three different flow rates. 

9.2.1.1 PRECISION 

The precision of the system was assessed by measurement of the retention time, 

peak height and peak area repeatabthty. For 10 consecutive inJections of the 

mixed selemum standard (18!!g mr1 Se for each spectes) RSD's were less than 

8 % (Table 9.3). 

156 



ChapterNme The Speciation of Selenium in Yeast By HPLC-ICP-MS 

SeMet SeCys Selenite Selenate 

Retention time 0.4 0.9 0.4 0.9 

Peak height 4.5 6.6 5.3 5.2 

Peak area 4.8 8.0 3.4 3.4 

Table 9.3. Precision data for the HPLC-ICP-MS system(% RSD). 

9.2.2 Speciation Analysis 

For the speciation, samples were prepared by enzyme extraction as detailed in 

Chapter 8. Since the level of enzyme and the extraction temperature had no 

apparent affect upon the extraction efficiency, at least at those conditions 

investigated, 12.5 mg protease and room temperature were employed. 

Supematants were analysed following dilution (1 + 1) with the mobile phase. 

SAMPLE A 

For sample A, two unresolved selenium peaks with retention times of 126 sand 

145 s were observed in the chromatogram (Fig. 9.2). The retention times of the 

two peaks did not equate with the retention times of any of the four standards 

analysed. The sample was spiked with SeCys, SeMet, selenite and selenate 

(each at - 18 11g ml·1 Se) and the chromatogram of the spiked sample can be 

seen in Figure 9.3. Whilst selenate was observed in the chromatogram at a 

retention time of 600 s, the three other spiked standards were not apparent at 

the retention times expected. In addition to the selenate peak, one split peak at 

143 sand one broad peak eluting between 200 and 400 s were observed. 
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Figure 9.2 32Se HPLC-ICP-MS chromatogram of sample A. 

Chromatographic conditions as Fig. 9.1. 
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Figure 9.3. 82Se HPLC-ICP-MS chromatogram of sample A spiked with 

SeMet, SeCys, selenite and se/en ate (each at -I 8 pg mt1 Se). 

Chromatographic conditions as Fig. 9.1. 
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To identify if the sample matrix was affecting the elution of the spiked 

standards, sample A was diluted (1 + 3) in mobile phase and then spiked with 

the four standards. In the resulting chromatogram (Fig. 9.4 chromatogram A) 

the selenate peak (t, = 598 s) was observed in addition to two new peaks at 

retention times of 154 sand 350 s. Further dilutions of the sample were carried 

out and the diluted samples were spiked with the four standards. The effect of 

diluting the sample matrix can be seen in the chromatograms in Fig. 9.4. At the 

dilution (1 + 3), peaks at retention times of 154 s and 350 s, plus the selenate 

peak were observed. As the dilution factor of the sample matrix was increased, 

a new peak at 212 s (presumably SeCys) became more apparent, the intensity 

of the selenate peak and the peak at 350 s (presumably selenite) remained 

unchanged, and the peak at 154 s (SeMet) reduced in intensity. At the highest 

dilution (1 + 15), the four spiked standards were clearly visible although 

resolution of SeMet and SeCys was poor. 

A possible explanation for these observations may be that the sample matrix 

was preferentially binding to the active sites on the column, thus in the more 

concentrated sample the standards had little interaction with the column and 

were not resolved. Because selenate had such a high affinity for the quaternary 

anunonium ions its elution was not affected by the sample matrix. In anion 

exchange a competitive affinity for the active sites occurs and therefore as the 

sample matrix was diluted the interaction of the standards with the column 

increased. It may be the case that the sample had a high salt concentration 

which preferentially bound to the active sites. 
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Figure 9.4. 82Se HPLC-ICP-MS chromatograms of diluted sample A spiked 

with SeMet, SeCys, selenite and selenate (each at -18 pg mt1 Se). A- (1 + 3) 

dilution, B - (1 + 5) dilution, C- (1 + 7) dilution, D - (1 + 9) dilution, E- (1 + 

13) dilution, F- (1 + 15) dilution. Chromatographic conditions as Fig. 9.1. 
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In order to identify the selenium species present in sample A, without the 

interfering effect of the matrix, the sample was diluted (I + 15). Two selenium 

peaks with retention times of 136 sand 156 s were observed. In comparison 

with the undiluted sample, the retention times of the two peaks had shifted 

slightly. Comparison with the retention times of the spiked sample would 

indicate that the peak at 156 s was SeMet, however the identity of the other 

peak was unknown. 

SAMPLEB 

Sample B was analysed initially in its undiluted form and one selenium peak 

with a retention time of600 s was observed (Fig. 9.5). However, spiking of the 

sample with the four standards highlighted the same matrix effect observed for 

sample A. Therefore, sample B was diluted (1 + 15) and re-analysed. The 

diluted sample was then spiked with the four standards and the major selenium 

species in the sample, according to the retention time, was selenate. This was 

in agreement with the speciation carried out using CE-ICP-MS. 

SAMPLEC 

Analysis of sample C showed one selenium peak with a retention time of 609 s 

(Fig. 9.6). Spiking of the sample indicated the chemical form of selenium in 

the sample to be selenate. Again, this was consistent with the speciation 

information obtained using CE-ICP-MS. It is interesting to note that sample C 

was analysed directly without the need for further dilution and no matrix effect 
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Figure 9.5. 82Se HPLC-ICP-MS chromatogram of sample B. 

Chromatographic conditions as Fig. 9.1. 
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Figure 9.6. 82Se HPLC-ICP-MS chromatogram of sample C. 

Clzromatograplzic conditions as Fig. 9.1. 
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was observed. Since sample C was a non-yeast based supplement it would 

further confirm that the matrix effect was due to the yeast itself. 

SAMPLED 

The matrix effect was also apparent in the analysis of sampleD, therefore the 

sample was analysed at a dilution of (1 + 15). The chromatogram for sampleD 

(Fig. 9.7) showed one selenium peak at a retention time of 156 sand one 

smaller peak with a retention time of273 s. Spiking experiments indicated that 

the major selenium containing species in the sample was SeMet, with the 

identity of the peak at 273 s unknown. The behaviour of sample D in the 

chromatographic system was no different to that of samples A and B and 

therefore an insight into why sample D could not be analysed by CE was not 

obtained. 

9.3SUMMARY 

SeMet, SeCys, selenite and selenate were separated on the basis of their pH 

dependent anionic character using anion exchange HPLC. The efficiency of 

the separation was poor due to significant band broadening and baseline 

resolution of SeMet and SeCys was not achieved. The chromatographic 

conditions were not fully optimised and therefore the efficiency and resolution 

could have been improved. The speciation of samples A, B and D proved to be 

problematic due to an apparent matrix effect. Analysis of the samples, diluted 

( 1 + 1) in mobile phase, was not possible because the sample matrix 

preferentially bound to the active sites on the column and thus prevented 
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Figure 9. 7. 77Se HPLC-ICP-MS chromatogram of sample D. 

Chromatographic conditions as Fig. 9.1. 
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retention of the analytes. By diluting the sample matrix retention of spiked 

standards could be achieved. The matrix effect was not apparent in the analysis 

of sample C, a non-yeast based selenium supplement. This further indicated 

that the matrix effect was indeed due to the yeast itself. Speciation was 

undertaken on samples diluted (1 + 15) in the mobile phase. SeMet and one 

unidentified selenium species were present in sample A, inorganic selenate was 

the chemical form of selenium in samples B and C, and for sample D SeMet 

was the major selenium containing species. 
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CHAPTER TEN 

Conclusions 

This project set out to design a robust and efficient interface for CE-ICP-MS 

and to investigate the application of the technique to elemental speciation 

studies. Much of the work in this Thesis has focused on the development and 

optimisation of the interface. The significant emphasis placed on the interface 

design reflects the recognition that the analytical characteristics of the 

hyphenated technique (i.e. sample dispersion, electrophoretic resolution, 

detection limits and analytical precision) are all directly influenced by the 

interface design. 

The correct choice of nebuliser and spray chamber was fundamental in 

designing the interface. It was apparent from the initial investigation with the 

Meinhard nebuliser that, for effective compatibility with the low solution flow 

rates employed in CE, a low flow nebuliser was necessary. In terms of the 

spray chamber, a low volume rapid washout spray chamber was required in 

order to enhance the aerosol transport efficiency and minimise sample 

dispersion. During the development of the cyclonic spray chamber, liquid 

phase dispersion was identified as the fundamental process influencing the 

sample response and washout times. Aerosol phase dispersion was minimal 

compared to that in the liquid phase. For the cyclonic spray chamber, the 

combination of the smaller internal volume and centrifugal transport 
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mechanisms allowed a more rapid sample throughput than that obtained using a 

Scott-type spray chamber. 

The combination of a microconcentric nebuliser and cyclonic spray chamber 

provided a simple interface which was as easy to assemble as any conventional 

nebuliser/spray chamber configuration. The interface, with the use of an 

optimised make-up flow or the application of a negative pressure, provided 

efficient sample transport without degradation of electrophoretic resolution. 

However, it was found that the MCN was prone to blocking which severely 

limited its effectiveness as an analytically robust interface. By replacing the 

MCN with the MicroMist nebuliser, the precision of the system was 

significantly improved. The advantage of using an electroosmotic flow marker 

to correct for drifts in migration time was demonstrated, with a migration time 

repeatability of 0.5 % RSD. The MicroMist nebuliser did, however, provide a 

lower sensitivity than that of the MCN which may be attributed to a difference 

in the droplet size distribution of the primary aerosols. Despite the lower 

sensitivity obtained with the MicroMist, it was preferred to the MCN interface 

entirely on the basis of its reproducible suction. A sensitive system has little 

value if analyses cannot be repeated due to poor precision. In addition, a great 

deal of time was spent unblocking the MCN which was clearly not ideal for a 

system intended for routine use. 

Selenoamino acids and inorganic selenium species were separated by CE under 

strong electroomotic flow conditions. The electrophoretic mobilities of the 
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four selenium species were sufficiently different and the nebuliser suction was 

sufficiently low to allow an efficient separation without the need to apply a 

negative pressure. Speciation analysis of the four yeast samples showed that 

the predominant selenium species varied between samples. Since the 

nutritional properties of selenium are highly species dependent, the yeast 

samples will therefore offer differing nutritional benefits. For sampleD, an 

apparent matrix effect hindered the speciation analysis. The origin of the 

matrix effect was not fully identified, alternative extraction procedures need to 

be investigated to determine if the matrix effect was an inherent property of the 

sample or due to a species formed during the extraction process. 

Analysis of the yeast samples by anion exchange HPLC-ICP-MS gave an 

interesting comparison of the two separation techniques. The efficiency and 

resolution of the HPLC separation was significantly poorer than that for the 

electrophoretic separation. Efficiencies for selenate were I 486 and 20000 

theoretical plates for the HPLC and CE methods, respectively. Although 

detection limits were not determined for the HPLC method, a comparison of 

the relative peak intensities for the four selenium standards would indicate that 

the HPLC method offered a considerable advantage in terms of sensitivity. For 

samples B and C, the results from the two speciation methods agreed and there 

was no evidence to suggest speciation changes during the chromatographic 

process. For sample A, however, the two methods confirmed the major 

selenium species to be selenomethionine but a second peak present in the 

HPLC chromatogram was not observed by CE. A matrix effect was also 
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observed using the LC method and clearly demonstrated the difficulties 

associated with the analysis of real samples. 

CE-ICP-MS clearly offers a great deal of potential for elemental speciation 

analysis and may find a variety of applications in the biological and 

environmental sciences (see Appendix II, CE-ICP-MS study of metal-humic 

acid complexes). As a result of the small samples volumes employed in CE, 

detection limits will always be compromised with respect to other speciation 

techniques, such as HPLC-ICP-MS. Thus, CE-ICP-MS would benefit in the 

future from the development of an interface providing I 00 % analyte transport 

efficiency, for example an electrospray interface. In addition, the use of a 

multi-capillary in place of the single bore separation capillary may also further 

enhance the capabilities of the technique. 
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below the detection limits (MCN interface). 
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APPENDIXII 

CE-ICP-MS Study of Metal-Humic Acid Complexes 

11.0 INTRODUCTION 

Humic acids (HAs) are organic macromolecules exhibiting a wide variety of 

molecular mass distributions, substructures and functional groups! They are 

found in all natural waters and soils and are composed mainly of tbe 

degradation products of living matter. Due to their polyfunctionality and high 

complexation capacity, humic acids are important in tbe environment since 

they have a direct influence on tbe bioavailability and transport of metals. 

Humic acids and metal-humic complexes have been separated and 

characterised using chromatographic24 and electrophoretic techniques.5
"
8 

Because of tbe element specific detection and ability to separate cations, anions 

and neutral species, CE-ICP-MS appears an ideal technique for tbe 

characterisation of metal-humic complexes. 

To demonstrate tbe potential of CE-ICP-MS, a number of Eu species were 

separated and detected. 

11.1 EXPERIMENTAL 

10 mMNH4N03, 5 mM {NH4) 2C03, 1 mM 1, 6 Diaminohexane-N,N,N',N' 

tetra acetic acid (HDTA) and Eu{N03) 3 were all prepared from standards 

(Sigma). The humic acid was a 500 f!g ml"1 purified standard (Aldrich). 

Co(gly)3 was used as an electroomotic flow marker. 
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The CE-ICP-MS system comprised of the MicroMist nebuliser interface, Prince 

Crystal CE system and VG PQI ICP-MS. Eu species were separated in a 70 

cm, 50 J.lm id fused silica capillary, using a 10 mM NH4NOl buffer (pH 8 0) 

and an applied voltage of30 kV. All samples were prepared in lOmM NH4N0l 

and mixed species were prepared by 1 + 1 dilution of the individual solutions. 

11.2 RESULTS 

Eight different Eu solutions were analysed (Table II.1) and the resulting 

electropherograms can be seen in Fig II.I a - h. 

1 - Eu, 2 - Eu!HA, 2 - Eu!HDT A, 4 - Eu/COl, 

5- Eu!HAIHDTA, 6- Eu!IWCOl, 

7 - Eu!HDT A/COl, 8 - Eu!HDT A/HA/COl 

Table ILl. Eu samples analysed by CE-ICP-MS. 

By monitoring the Eu isotopes, the distribution of Eu in the presence of the 

different ligands could be seen. Free Eu and Eu carbonate were observed with 

migration times very close to that of the EOF which would indicate that at pH 

8.0 Eu was more likely to be present as Eu+ than Eul+. In the presence of humic 

acid, a broad Eu peak at 323 s was observed (Fig. II.1 b), and in the presence of 

HDTA a peak at 248 s was detected (Fig. II.l c). In the presence of both humic 

acid and HDTA, the majority of the Eu was bound to the humic acid (Fig. II.l 

e) A small shoulder on the humic acid peak was probably due to the EuHDTA 
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complex. When carbonate was added to a Eu!HA solution, a Eu!C03 peak was 

not observed thus indicating that the Eu remained bound to the humic acid (Fig. 

II.l f). However, when carbonate was added to the Eu!HDT A solution the Eu 

was distributed between both the carbonate and HDTA (Fig. 11.1 g). It would 

appear that carbonate suppressed, to some extent, the formation of the 

EuHDTA complex. In the presence of humic acid, HDTA and carbonate, three 

peaks corresponding to the Eu!C03, Eu!HA and Eu!HDTA complexes were 

observed. 

11.3 SUMMARY 

Although very brief, this investigation has given an insight into the distribution 

of Eu in the presence of various competing ligands and has clearly 

demonstrated that CE-ICP-MS can be used to investigate the distribution of 

metals in the enviroument. 
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Migration time/s 

Figure ILl a- d. mEu electropherograms. a- Eu, b- Eu/HA, c- Eu/HDTA, 

d- Eu/C03" Conditions: 30 kV; 10 mM NH~03 buffer (pH 8.0);fused-si/ica 

capillary, 50 Jl11l id, 70 cm length; sample injection, 80 mbar for 12 s (19 nl); 

10 pi min"1 make-up flow rate; EOF ""174 s. 
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Figure ILl e-h. 153Eu electropherograms. e- Eu/HA/HDTA,f-

Eu/HA/C03, g- Eu/HDTAIC031 h - Eu/HA/HDTAICO:r 
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An mterface for capillary electrophoreSis (CE) and mductively coupled plasma mass spectrometry (ICP-MS)" 
reported. The mterface was constructed usmg a commeraal IIllcroconcentnc nebuhser and home~bwlt cycloruc 
spray chamber. Isoforms of the heavy metal bmdmg protem, metallotluonem, were separated and the bound metals 
detected to charactense the mterface. Nebuhser suction was 1dentdied as the pnnc1pal factor controlhng separation 
resolutiOn m the CE-ICP-MS system Two methods for counterbalanCing the nebul1ser suction were mvestigated: m 
the first method an opU!11!Sed make-up flow was employed, and 1n the second a negauve pressure was apphed to the 
mlet vtal. Negative pressure was the preferred method for counterbalanCing the nebuliser suction because sensitiVIty 
was not compromiSed. Separation resolution, under negative pressure conditions, was tm.proved compared wtth that 
aclueved usmg on-capillary UV detecuon Absolute metal detecuon !!IDlts for " 4Cd, '"Cd, 66Zn and 64Zn were 
2.09, 3 42, 8 93 and 9 12 fg, respeCtively. 

Introduction 

The essenUahty of trace elements m plant, animal and human 
nutntlOn has long been known. Yet 1t !S only m the last decade 
that research has lughhghted the mportance of elemental 
speClatlon. Elemental speClation can be termed as the separa­
tion and quanuficatlon of the d!fferent oxidation states and/or 
ch=cal forms of a part!C!!lar element. Its mportance denves 
from the fact that the tOX!C!ty and nutnuonal benefit of many 
trace elements ts dependent upon oxtdatJ.on state and chemtcal 
form. Elemental speClatwn also has an unportant role m the 
envrronment where the absorption, transport and removal of 
pollutants !S lughly speCies-dependent. 

One of the most popular approaches to elemental SpeC1at1on 
analysiS has been the couphng of chromatograpluc separation 
techruques W!th the element-specrlic detecuon of inductively 
coupled plasma mass spectrometry (ICP-MS) and mduc­
tively coupled plasma at0!11!C e!DlSS!On spectrometry (ICP­
AES) Several reVleWS on the use of chromatography hyphen­
ated W!th ICP-Ms'·' and ICP-AES3•5 for speClation studies 
have been pubhshed. Without doubt, the most versatile 
hyphenated techruque for elemental speciation analySis !S 
HPLC-ICP-MS wluch has been Widely used for the detenni· 
nation of trace elements m biological Owds._" and for the 
speciatton of metals m envxronmental media. I3-18 

Recently, capillary electrophoresiS (CE) coupled to ICP-MS 
has received attention as a potential elemental speciat!on 
techruque. CE !S a powerful and versaule separation technique 
that has been apphed to the deter!11!Datlon of a Wide vanety 
of analytes, from small inorganic 10ns19-24 to protems 25- 29 

Often utilised as a technique complementary to HPLC, CE" 
supenor m terms of separation efficiency (paruC!!larly for lugh 
moleC!!lar mass speCies), sample volume requrred (typically 
1-30 nl), analySis tme, reagent consumption and analyte 
appbcab!hty. CE also shows uruque proiDJse for speClat!on 
purposes by exertmg mirumal disturbance on the extstmg 
eqwl1bnum between d!fferent analytes. In HPLC, interactions 

between the analytes and stationary phase may destroy or 
slnft the eqwhbnum, resultmg in maccurate quantitative 
speClatlon informatton.30 

Olesik and co-workers31 pubhshed the first research on 
CE-ICP-MS m 1995 It was eVldent from tlus first pubhcatlon 
that the key to the analytical sucoess of CE-ICP-MS was m 
the des1gn of the mterface. Subsequent research pubhshed on 
CE-ICP-MS has therefore focused on mterface deSign 
Interfaces based on glass concentnc,31" 34 glass fnt," lugh 
effiCiency, 33 drrect !DJCCUon36 (DIN), ultrasonic37 and !11!cro· 
concentnc38 (MCN) nebuhsers have been developed With 
varymg degrees of success. 

Tlus paper descnbes a CE-ICP-MS mterface based on a 
commerCial MCN and home-bwlt cyclonic spray chamber. 
The pnnClpal goal of tlus work was to deSign an mterface that 
not only faC!l1tates effiCient sample transport Without loss of 
electrophoretiC resoluuon, but also !S robust, simple, eas!ly 
assembled and relatively mexpenS!ve. The deSign of the 
mterface and tts performance charactensucs, m terms of 
separation resolutiOn, prectston and limits of detection, will 
be diScussed The heavy metal bmdmg protein, metallotluon­
etn, was used to charactense the mterface. Metallotluonem IS 

a low moleC!!lar mass sulfhydryl-rich protem wluch has a lugh 
atliruty for essenual (Zn, Cu) and tOXIC (Cd) trace metals. The 
suggested role of metallotluonem m heavy metal metabolism 
and detoXIfication lu!S led to numerous mvest1gauons mto 1ts 
uruque che!11!cal and phys1cal properties ,,_., 

Expenmental 

Reagents and materials 

Metallotluonems contammg !Soforms I and II (M7641, rabbit 
hver) and smgle 1soform I (M5267, rabb1t hver) were purchased 
from S1gma (Poole, UK). Metallothionem samples were pre­
pared by d!lution of the appropnate mass of standard With 
ultrapure (18.2 MO) M!lli-Q water (M!llipore, Bedford, MA, 
USA). The electrophoreSis buffer was 20 mM Tns (Merck, 
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Poole, UK) adjusted to pH 7.8 wtth Anstar hydrochlonc aCld 
[HCI (FSA Laboratory Supp~es, Loughborough, UK)). A 
10 mM ammoruum mtrate [NH4N03 (Merck)] soluuon was 
used as the make-up flow. The electro-osmouc flow marker 
was 1% mestryl oXIde (Stgma) prepared by 1% (v/v) diiuuon 
m 50% methanol (Rathburn Chen:ucals, Walkerburn, UK). 

IndlVldual stock standard soluuons of Cd, Zn, In and Ce 
at 1000 Jlg mr 1 were obtained from Merck. For the total 
metal determmauon m metalloth10nem I (MT I), soluuons 
contammg Cd and Zn at 1000, 500, 250, 125 and 25 ngnii-1 

were prepared by dlluUon of the I 000 Jl8 nii-1 stock standard 
soluuons m Mtlli-Q water The ICP-MS mstrument was tuned 
and optlDllsed usmg a mulu-element soluuon contammg Be, 
Mg, Co, Nt, In, Ce, Pb, B1 and U at 25 ngnii- 1 per meUII, 
prepared by diluuon of a stock standard soluuon [ICP-MS 
100 soluuon (SPEX Industnes, EdiSon, NJ, USA)] m I% 
Anstar rutnc aCld [HN03 (Merck)]. 

Fused-silica capillanes (50 Jlffi td, 375 Jlffi od) were 
purchased from Composite Metal Services (Worcester, UK). 
Capillanes were pre-condtUoned usmg 0 5 M NaOH (Merck) 
pnor to therr Jirst use. 

Instrumentation 

CE system. Separauons were performed usmg a Pnnce 
Technologtes Crystal 310 CE system (Pnnce Technologies, 
Sunderland, UK) The Crystal 310 CE system has a double 
ptston arrangement that allows both postUve and negauve 
pressures to be app~ed to the mlet vtal. A 4225 vanable 
UV{VIS detector (Thermo Separatlon Products, Hemel 
Hempstead, UK) was used for on-capillary UV detecuon. A 
fused-silica capillary (total length 77 cm, 60 cm to wmdow) 
was used and an absorbing wavelength of 200 nm was moru­
tored. The separauon voltage (that yteldtng the best resolutlon 
of the metallotlnonem isoforms) was opumised at 25 kV 
Samples were injected hydrostaUClilly (80 mbar for 6 s) and 
the capillary was rmsed wtth buffer for 2 mm between each 
run. Electropherograms were recorded usmg a Dell OpuPlex 
Gs computer and ProGC software (Thermo Umcam, 
Cambndge, UK). 

ICP-MS. A VG PlasmaQuad (PQ !I Turbo Plus) mducuvely 
coupled plasma mass spectrometer (VG Elemental, Winsford, 
UK) was used throughout tins work. Data acqwstUon and 
mterpretaUon was performed usmg Tune Resolved Analysts 
(TRA) and Masslynx software (VG Elemental). The ICP-MS 
operaung condttions are summansed m Table I. 

CE-ICP-MS interface. The CE-ICP-MS mterface 
incorporated a commere1al MCN M2S (CETAC Technologtes, 
Cheslure, UK), a 1/16 m PTFE T-ptece (Ommfit, Cambndge, 
UK) and a small cyclontc spray chamber (fabricated locally). 
A schemauc diagram of the mterface IS presented tn Ftg. I. 

The separatlon capillary was passed through a hole m the 
stde of the Crystal CE system and was mserted through the 
T-piece and mto a Pt-lr tube [0.65 mm td (Johnson Matthey, 
Reading, UK)]. The Pt-lr tube and capillary were then 
connected dtrectly mto the back of the MCN usmg a standard 

Table 1 ICP-MS operat:mg conditions 

Rfpower 
Reflected power 
Coolant gas Bow 
A~ary gas flow 
Nebumer gas flow 
Sampler cone 
Slam.mer cone 
Measurement mode 
Isotopes momtored 

1350W 
ow 
13 5 I mm- 1 

145 I nun-1 

0 90 ltmn- 1 

N1, I 0 mm onfice 
Ni, 07mm onfice 
Peak Jump (dwell Ume 10 24 DIS) 
u"Cd, mCd, Mzn, 64Zn 
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Totorc.b 

t T piece 

.... ,., 
~~~-~~~-;:;7. -MCN 

Cyclonic spnr d:l1mber 

Fig. 1 Schematic dtagrsm of the CE-ICP-MS mterface. 

nut and femiie. The capillary was sheathed, up to the pomt 
of entenng the T-ptece, usmg Teflon tubmg (0.03 m 1d, 0.063 m 
od). The capillary sheath was necessary m order to matntam 
a constant temperature, and current, wttlnn the capillary and 
therefore provtde reproduClble results Grounding of the capil­
lary was aclneved by the use of a co:wal sheath of electrolyte 
soluuon winch was pumped through the verucal arm of the 
T -ptece usmg a GIIson MIDlpuls 3 penstaltic pump (GIIson 
Medtcal Electromc, V~ers-Le-Bel, France). Undesrrable puls­
mg of the pensta!Uc pump at low flow rates was tnlnlDllsed 
by usmg 11Ucrobore pump tubmg (0.19 mm bore) and lngher 
pump rotatlon rates. A 1Dlcrobore HPLC pump (D10nex GP40 
Microbore Gradtent Ptunp, D10nex, Camberley, UK) and 
self-aspLratlon were mvesttgated as poss1ble alternatives to the 
penstalttc pump The HPLC pump was deemed unswtable 
because of UTegular pulsmg at low flow rates and self-aspir­
ation was found to gtve a more stable basehne but was 
pracuClilly dtflicult to adopt. To complete the electncal ClrcWt 
the Pt-Ir tube was connected to the ground electrode of the 
CE system vUI a crocodile-type c~p. The nebuhser was inserted 
mto a small cycloruc spray chamber winch was connected to 
the ICP torch VUI a fle:uble Teflon tube. 

The cyclomc spray chamber was designed specifically for 
use m the CE-ICP-MS mterface. It was fabncated from glass 
and had a general sphenClii shape wtth a dram at the base 
and a honzontal mountlng for the MCN on the stde The 
mternal volume was 21.0 nil. A schemauc dtagram and photo­
graph of the spray chamber are shown m Ftg 2a and b, 
respectlvely. Sample aerosol from the nebul!Ser was dtrected 
honzontally and mtersected the chamber wall tangentially 
Th1s arrangement resulted m the sample aerosol expenencmg 
a centnfugal force winch served to remove larger droplets. A 
dtmple of 2.5 cm dtameter was IIIlpressed m to one stde of the 
spray chamber and had the effect of dtsrupUng the circulatlng 
flow of aerosol, thereby generatlng turbulence and for=g 
larger droplets to collide wtth the dtmple and wtth the outer 
wall of the chamber. The destgn of the dtmple was based upon 
those mcorporated m small veruClii rotary spray chambers 
descnbed by Wu and Hleftje43 and Wu et aL 44 A flow spoiler 
was also impressed mto the body of the spray chamber and 
was destgned to stall the CU'CUlating flow of aerosol, thus 
preventlng recirculauon. Recrrculabon can lead to sample 
dtsperston, increased sample washout tlmes and band broaden­
mg, •• and is therefore undesirable m a spray chamber mtended 
for CE-ICP-MS. 

Results and discussion 
Cyclonic spray cbamber 

The analyucal performance of the cyclonic spray chamber was 
assessed by measurement of sample response and washout 
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(b) 

Fig. 2 a. Dtagram of the cyclomc spray chamber tllustratmg front 
and stde VJews All umts m cm. b. Photograph of the cyclomc 
spray chamber 

umes These cntena are cntlcal m CE-ICP-MS smce they have 
a direct mfiuence on band broademng. A test solution, contam­
mg In and Ce at 25 ng ml-1, was mtroduced drrectly mto the 
nebubser usmg a penstaltlc pump and the 115In s1gnal was 
momtored usmg TRA. The response ume was defined as the 
ttme taken for the Signal to eqwhbrate at 1ts miiXIliium value. 
Sample washout t1mes were measured by replacmg the test 
solution With a I% HN03 blank and momtonng the s1gnal 
decay. Washout ttme was defined here as the penod required 
for a s1gnal to fall to I% of its !Dltlal value 46 For comparative 
purposes the measurements were repeated usmg an MCN/ 
Scott-type double pass spray chamber and cross-flowfScott­
type spray chamber combmatlon. In addition, a cyclomc spray 
chamber Identical m des•gn With that descnbed but With a 
smaller internal volume ( 6 5 m!) was assessed. The nMCN 
was operated at I 00 J1l mm -• winch was close to 1ts natural 
asprratlon rate and the cross-flow nebuhser was nm at 
0. 7 m! mm -•, the standard flow rate of roubne analys1s. For 
the MCN, a reduction In the solution fiow rate, at least to 
10 J1l mm -•, d!d not s1gmficantly affect sample response and 
washout tunes. 

The data complied m Table 2 demonstrate that the cyclomc 
spray chamber IS superior to the conventional Scott-type 
chamber With respect to sample response and washout ttmes. 
Both the 21.0 and 6.5 m! cyclomc spray chambers have sample 
response and washout ttmes of 6 and 8 s, respectively. In 
contrast, the "'sponse and washout times for the Scott-type 

chamber were 15 and 28 s, respectively. Thus, the cyclomc 
chamber offers a sample throughput that IS 3.5 t1mes faster 
than that proVIded by the conventional Scott-type chamber. 

Separation resolution and precision 

CE IS capable of aclneV!ttg a lngh separation resolution and 11 
IS therefore cruCial that tlus resolution '' not degraded when 
the sample components are transported through the interface 
to the plasma. To assess whether the mterface adversely 
affected separatiOn resolution, rabbtt liver metallotluonetn was 
separated and detected on-capillary usmg a UV detector. ThiS 
separation was then repeated usmg CE-ICP-MS and the 
correspond!ng separation resolutiOns were compared. 
Separation resolution (Rs) was ca!C!Uated usmg the followmg 
equat10n:47 

Rs=~(N'~~) 
where N IS the efficiency, !J.t is the ddference m liiigratlon time 
of MT I and MT !I (s) and i IS the mean Dllgratlon ttme (s). 

The UV detected electropherogram of rabb1t liver 
metallotluonem IS illustrated m F1g. 3. The two predoDIInant 
peaks were identtfied as the two maJor ISoforms of metallo­
thionem, MT I and MT II The zsoforms were well resolved 
With Rs=2.45 The Identity of the four smaller peaks observed 
m the electropherogram IS not known. It IS probable, however, 
that these peaks are other ISofonns of metallotluonem. It has 
been reported that rabb1t hver metallotluonem may consiSt of 
up to six indiVIdual isoforms, although only MT I and MT !I 
have been 1denttfied. ,._.,. 

For CE-ICP-MS, 11 was necessary to optnnise the make-up 
flow rate m order to mimmise the nebuliser suctton and allow 
a good resolution of the two ISoforms. Suction from self­
asprrabng concentric nebubsers has a detrimental effect upon 
separation resolution by mduC!Og lammar flow Wlthm the 
separation capillary. Kinzer et aL 33 reported that this suctton 
can be offset by pumpmg make-up solution, at a suffiCient 
fiow rate, to the nebuhser. 

Rabb1t liver metallothionem separations were performed 
using make-up flow rates between 10 and 100 J1l mm-• A 
flow rate of 80 J1l Dlln -• was found to proVIde the optimum 
resoluuon of the two ISOfonns (F1g. 4) The separatiOn reso­
lution of MT I and MT !I for 114Cd was 2.52. ThiS was 
margmally supenor to that obtamed by UV deteCtion. At 
make-up flow rates below the optimum, separatiOn resolution 
detenorated as a result of mcreased suCtion from the MCN. 
Tins IS illustrated m F1g. 5, winch shows the CE-ICP-MS 
electropherogram obtamed usmg a make-up flow rate of 
10 J1l Dlln-•. At 10 J1l mm-•, inadequate compensation for the 
nebubser suction was aclneved and consequently the sample 
components were drawn through the capillary, resulting m a 
complete loss of resolution of the two ISOforms. 

To prevent arr bubbles and excess of sample bemg loaded 
mto the capillary, as a reS!llt of the ncbubser suctton, the 
make-up flow rate was mcreased (to the natural asprrauon 
rate of the MCN) after the buffer nnse and was resumed to 
the exper~mental rate ~mmed!ately upon apphcatlon of the 
voltage In previous mterfaces, "·" the nebubser gas flow has 
been turned off dunng sample mjection to prevent such 
problems. However, we have found that tlus method reduced 
the overall preCISIOn of the system because of the ttme taken 
m resummg the gas flow to Its ongmal value. The nebubser 
gas flow rate must be mcreased slowly to prevent posSible 
extinCtion of the plasma; consequently, the probability of 
assOCiated llTeproducibu1t1es was enhanced. 

Negative pressure. Under optunum condrtJ.ons, the 
CE-ICP-MS mterface d!d not adversely affect the separation 
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Table l Companson of the analytical perfonnance of vanous nebuhserjspray chamber combmattons (all values are the mean of three rephcutes) 
Test solutton delivered at lOO ~I mm_, to MCN and 0 7 ml mm -t to cross-flow nebuhser 

Nebul1ser/ 
spray chamber 

Cross-ftowjScott 
MCNfScott 
MCN/cyclomc (21 0 ml) 
MCN/cyclornc (6 5 ml) 

Response 
tlmejs 

13 
15 
6 
6 

1 80 

1 50 

~ 1 20 

~ 090 

MTI MTll 
Mesllyl 
OXIde 

< 060 ~ 
030 
!----" 

Washout 
ume/s 

25 
28 
8 
8 

0~------------------------
110 220 330 440 550 

M1grat1on tlme/s 

Fig. J UV detected electropherogram of rabbit hver metallotlnonem 
(IOOO~gml- 1) Conchbons UV wavelength, 200rnn, 25kV apphed 
voltage, fused-silica capillary, 50 ~ 1d, 77 cm total length, 60 cm to 
wmdow; sample IDJecbOD, 80 mbar for 6 s (19 nl ; 20 mM Tns HQ 
buffer (pH 7 8), neutral marker, 1% mes1tyl oxtde, marker tnjecbon, 
15 m bar for 3 s. 

'""' 

100000 

MTD 

MTl 

IOO 200 300 400 500 
M1granon hme/s 

Fig. 4 CE·ICP·MS electropherogram (for 11'Cd) of rabb1t hver 
metalloth!onetn (1000 ~g ml- 1) ConditiOns 25 kV applied voltage, 
fused-stlu::a captllary, 50 J.1ID. td, 77 cm length, sample InJection, 80 m bar 
for 6 s (19 nl), 20mM Tns HQ buffer (pH 7 8), 80 Ill mm-• make-up 
flow rate (0 01 M NH,N03). 

resolution of the two metallothtonem tSoforms. In fact, the 
resolutton was margmally unproved compared wtth that 
obtatned by UV detectton. However, as a consequence of 
employmg a make-up How rate of 80 Ill mm -•, the sample was 
Sigruficantly dtluted and senStttV!ty reduced. With an mjected 
sample volume of 19 nl and an analyte peak wtdth of 7 s, the 
dtlutton factor was 491. Clearly, tins was not ideal smce 
separation resolutton compromised sensitiVlty To ensure that 
ne1ther separation resoluuon nor sens1t1vtty was comprom.tsed, 
a method of overcommg nebuhser suctton wtthout employmg 
a hlgh make~up flow rate was requrred In a prevtous concentnc 
nebuliser mterface, Lu et aL" applied a negattve pressure to 
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115ln response/ 
counts s- 1 

2.4x 105 

I 6x 10' 
ISxiO' 
I 3 X 10' 

"' 

100000 

c.o•; 
ce• ~/o) 

09 
0.7 
07 
06 

SO _ • lOO ISO 200 lSO 300 

Migration nmels 

08 
06 
06 
06 

Fig. 5 CE-ICP·MS electropherngram of rablnt hver metalloth!onetn 
(I 000 ~g ml- 1) Conch nons as m F1g 4, except that a I 0 Ill nun -• 
make-up flow rate was used. 

the inlet Vlal to counterbalance the nebuliser suctton and, 
under negative pressure, an nnprovement m separahon 
resolution was reported. 

The effect of applymg a negattve pressure to the inlet Vlal 
during the separatton of rabbit hver metallothtonem can be 
seen m the electropherogram presented m Fig 6. This separa­
tiOn was performed usmg a make-up How rate of 10 Ill =-• 
and a pressure of -130 m bar (apphed by the CE system) At 
a make-up How rate of 10 Ill mm-•, suctton from the MCN 
was promment, but the apphed negative pressure was suffiCient 
to counterbalance tlus suctJ.on and the result was an excellent 
separatton of the two isoforms (Rs=3). The nugratton ttmes 

125000 

100000 

!. 75000 

1 
ci!""' 

""' 

MTn 

MTI 

-"'01 

3lJ xo .m m f£0 n 
Mtgranon nme/s 

F1g. 6 CE-ICP-MS electropherogram of rabbtt hver metallotbtonem 
(1000 pg ml- 1) CondttJons as ID Ftg. 4. except that a 10 ~ l!lln -l 
make-up flow rate and -130 mbar apphed pressure were used 
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and resoluuon values hsted m Table 3 demonstrate the effect 
of employmg a negattve pressure Resolution, under negative 
pressure, was unproved compared with that obtained usmg a 
high make-up flow rate Tins md!cated that, even at an 
SO ,.U mm -t make-up flow rate, suction from the nebuhser was 
present and had a detrunental effect upon resoluuon The 
presence of nebuhser suction at an 80 Ill mm -I make-up flow 
rate was also md!cated by the shorter trugrat10n umes_ The 
resolution achieved usmg a negatlve pressure was also supenor 
to that observed w1th UV detection This Increase m resolut10n 
was largely due to a change m the capillary length but may 
also be related to the element-specrlic detecUon_ The length of 
capillary used With the CE-ICP-MS mterface was 17 cm greater 
than that employed With the UV detector_ Separation reso­
Iuuon IS directly related to capillary length (although a m=­
mum length htrut eXJsts above winch resoluuon detenorates 
due to molecular diffusiOn). The expected increase m senstUVIty 
assoctated With reducmg the make-up flow rate to I 0 Ill min -• 
was not aclneved, With a factor of 2 improvement. Tins may 
be an md!cauon that the MCN was begmnmg to show 
margmal performance at such low solutiOn flow rates. 

Precision. The preciSIOn of the CE-ICP-MS system was 
assessed by measurement of the nugratton ume, peak area and 
peak height reproduCibilities of MT I and MT IT. Ten repeuuve 
separattons of rabbtt hver metallotlnonem (I 000 ~g ml- 1) were 
performed and 114Cd peak areas were mtegrated usmg 
Masslynx. PreCisiOn values were between 8 and 15% RSD 
(Table 4) 

Detection limits 

CE-ICP-MS detecuon hnuts for the ISotopes 114Cd, 111Cd, 
66Zn and 64zn were deternuned, under negative pressure 
cond!uons, usmg rabbtt hver MT I. The ICP-MS peak areas 
were mtegrated usmg Masslynx and cahbrated as a functton 
of MT I concentrauon. Stgnals for the four tsotopes were 
linear (for the concentratiOn range 1000-62 5 ~g m!-1 MT I) 
With correlauon coeffiCients of 0.9996, 0.9994, 0 9998 and 
0.9998 for 114Cd, 111Cd, 66Zn, and 64Zn respecuvely. MT I 
concentrauon detection linuts were determined from 3u of the 
blank stgnal. To deternune the concentrauon detecuon linuts 
of metals bound to MT I, 1t was necessary to quanufy the 
total metal content in MT I. A 1000 ~gml- 1 solution of MT 
I was diluted With Mill1-Q water to 5 ~g ml- 1 and the metal 
concentration m th.ts sample was measured agamst an aqueous 
standard caltbratxon The percentage by mass ofmetallothlon­
em was 7.28, 7.20, 0 68 and 0 66% for 114Cd, 111Cd, 66Zn and 
64Zn, respectively. 

The CE-ICP-MS concentraUon detectton linuts of MT I, 
the concentration detecuon lmuts of the metals bound to MT 

Table 3 Effect of negative pressure upon separation resolution 

Make-up Migrauon umejs 
flow rate/ Apphed negatlve 
j.il nun- 1 pressure/m bar MTI 

80" 0 438 
10" -130 568 
0' 0 313 

•tCP·MS detection. "UV detecuon 

Table 4 CE-ICP-MS preCISIOn data 

Migration tune 
Peak area 
Peak h01gbt 

MTI RSD ("/o) 

8 
!5 
11 

MTII 

468 
619 
333 

Resolution 

2 52 
300 
245 

MT 11 RSD ("/o) 

9 
!3 
12 

TableS CE-ICP-MS detection hmlls (detemuned usmg a make-up 
flow rate of 10 J..L). mm- 1 and -130 mbar apphed pressure) 

114Cd UICd "Zn "Zn 

MT I concentration LOO/ 1 52 2 52 68.74 71 97 
J.18 rnl- 1 solution 

Metal concentratton LOO/ 011 0 18 047 048 
~gg-• MT 

Metal absolute LOD/fg 209 3 42 8 93 912 

I and the absolute metal detectton hnuts, based on a 19 nl 
m]ection volume, are presented m Table 5. The detection hnuts 
vaned With the amount of specrlic metal bound to MT I and 
With the mstrumental sens!UVI!y for each metal. The detection 
!unit for 114Cd was a factor of 2 lower than that preVIously 
reported for a concentnc nebuhser interface.31 Compared wtth 
the u!trasoruc nebuhser mterface reported by Lu and Barnes, 37 

detecuon hnuts for Cd were lngher (by <factor of 2) but 
were lower for Zn (by a factor of 4). The poorer senSIUVIty 
for Cd, compared With that for the u!trasoruc nebu!ISer 
interface, IS compensated by the Slii1phCity, ease of use and 
finanCial cost of the MCN mterface. 

Conclusions 

There IS no doubt that the key to the analyucal success of 
CE-ICP-MS lies m the design of the mterface. Efficient sample 
transport Without degradation of separauon resolutton IS the 
pnnCipal functton of the mterface, but for viable routme use 
the mterface must also be robust and relauvely s1mple. The 
CE-ICP-MS mterface descnbed here 1s robust, s1mp!e, easily 
assembled and relauvely mexpenSive. Degradauon of separa­
tion resolution resultmg from nebuhser sucuon ts overcome, 
wtthout compronusmg senstUVIty, by app!ymg a nega!lve 
pressure to the Inlet vtal. ThiS study has demonstrated that 
the CE-ICP-MS system IS swtable for the separauon and 
quantlficauon of metals bound to metallotluonOin ISoforms 
The challenge now must be to establish un1que elemental 
speCiaUon applicauons for CE-ICP-MS. 

The authors thank Pnnce TechnologieS for the loan of the 
Crystal 310 CE system. K A.T. IS grateful to Loughborough 
Uruvemty and CSL for proVIston of a grant. 
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